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SECTION  1 


PURPOSE 


The  purpose  of  these  investigations  is  to  perform  research  on  the  basic 
components  of  fuel  cells  using  electrolyte-soluble  carbonaceous  fuels  and  fuel  cells 
using  hydrocarbon  fuels.  One  objective,  which  is  a  continuation  of  the  work  carried 
out  under  contracts  DA  36-039  SC-89156  and  DA  36-039  AMC-00134(E) ,  is  to  improve  the 
performance  of  methanol-air  fuel  cells  and  to  incorporate  improved  components  into 
multicell  batteries  to  study  the  engineering  problems  of  multicell  operation.  A 
second  objective  is  to  determine  the  feasibility  of  hydrocarbon-air  fuel  cells. 

The  major  emphasis  of  the  program  is  on  the  simultaneous  research  and 
development  on  all  basic  aspects  of  the  cells  to  optimize  performance  of  the  entire 
cell  and  to  take  into  account  interactions  between  components. 

This  work  is  aimed  toward  the  development  of  practical  fuel  cells  using 
hydrocarbons  or  their  partially  oxygenated  derivatives  as  fuels  and  air  as  oxidant. 
The  fuels  must  be  capable  of  reacting  to  carbon  dioxide,  be  reasonably  available, 
and  pose  no  unusual  corrosion,  toxicity,  or  handling  problems.  Also,  the  cell  must 
use  a  CCi2-rejecting  electrolyte  and  operate  at  temperatures  up  to  about  200°C. 

Other  desired  requirements  include  high  electrical  output  per  unit  volume  and  weight, 
high  efficiency,  long  life,  high  reliability,  reasonable  cost,  particularly  cata¬ 
lyst  cost,  and  ruggedness. 

The  program  is  divided  into  seven  parts.  These  are  referred  to  as  Tasks 
A  through  G  in  this  report.  Tasks  A  and  D  describe  studies  of  catalysis  and  struc¬ 
ture  at  the  hydrocarbon  and  methanol  electrodes,  respectively.  Air  electrode  re¬ 
search  is  discussed  in  Task  E.  Task  B  includes  work  on  the  construction  of  a 
liquid  hydrocarbon-air  demonstration  battery.  Task  F  deals  with  work  on  establish¬ 
ing  the  basic  methanol  cell  design,  especially  with  regard  to  the  operation  of  all 
components  in  a  single  cell.  Task  G  is  concerned  with  the  development  of  a  self- 
contained  Methanol  Fuel  Cell  Battery  Demonstrator.  Finally,  Task  C  describes  ex¬ 
ploratory  studies  aimed  at  new  approaches  to  fuel  cells. 
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2.1  Task  A.  Hydrocarbon  Electrode 


Work  on  the  direct  hydrocarbon  electrode  has  continued  to  concentrate  oni 
studies  of  mechanism,  catalysis  and  structure,  aimed  at  improving  the  utilization 
of  platinum  or  finding  non-noble  substitutes  for  it. 

The  mechanism  studies  were  based  on  the  finding  during  the  previous  period 
that  the  adsorption  of  saturated  hydrocarbons  occurred  only  on  one  of  the  two  types 
of  sites  on  the  surface  of  platinum.  Researchers  at  Baylor  University  had  reported 
that  it  was  possible  to  vary  the  ratio  of  the  two  types  of  sites  by  electrodeposit- 
ing  platinum  from  solutions  containing  different  amounts  of  lead  acetate.  However, 
attempts  to  repeat  this  here  produced  no  obvious  effects  on  the  relative  sizes  of 
the  hydrogen  peaks  corresponding  to  the  two  types  of  sites  in  voltammetric  scans. 

The  total  number  of  sites  did  vary,  and  the  amount  of  butane  adsorbed  varied  corre¬ 
spondingly.  The  ratios  of  the  hydrogen,  oxygen  and  butane  peaks  on  the  different 
electrodeposited  blacks  changed  in  a  complex  manner,  but  no  pronounced  advantage 
was  found  for  any  of  the  catalysts.  More  work  would  have  to  be  done  to  learn  how 
to  vary  the  two  kinds  of  sites  and  what  affect  this  would  have  on  butane  perform¬ 
ance. 


Butane  adsorption  measurements  were  also  made  in  phosphoric  acid  at  140° 
to  determine  whether  the  higher  temperatures  might  not  lead  to  stronger  adsorption. 

It  was  found  that  adsorbed  butane  did  cover  a  higher  fraction  of  the  sites  available 
to  hydrogen  at  the  higher  temperature.  It  was  also  more  difficult  to  desorb  by 
cathodization  than  it  was  at  80-90°C.  These  results  explain  why  butane  has  poorer 
open  circuit  values  but  higher  limiting  currents  in  hot  phosphoric  acid  than  in 
sulfuric  acid  at  the  lower  temperature:  the  butane  adsorbs  more  strongly  at  the 
higher  temperature  but  blocks  some  of  the  sites  otherwise  available  for  water  dis¬ 
charge.  Measurements  of  actual  adsorption  rates  in  hot  phosphoric  acid  have  not 
yet  been  successful,  however. 

The  program  to  improve  the  utilization  of  platinum  by  using  a  support  made 
considerable  progress  during  this  period.  Butane  limiting  currents  as  high  as  40 
ma  per  mg  of  platinum  were  achieved  at  150°C  using  a  support  of  carbon  treated  with 
silica.  Platinum  black  or  platinum  on  untreated  carbon  gave  only  about  8  ma/mg 
under  the  same  conditions.  Part  of  the  improvement  was  due  to  the  impregnation 
procedure,  which  involves  adsorption  by  the  carbon  of  a  surprisingly  small  amount 
of  the  platinum  in  the  impregnating  solution.  Another  factor  was  the  silica  content 
of  the  carbon,  which  was  optimum  at  ten  percent.  The  surface  area  of  the  carbon  was 
also  important  since  adsorption  is  being  relied  upon  to  implant  the  platinum.  A  low 
surface  area  carbon  yielded  a  low  activity  catalyst.  When  oxidized  with  CO2,  how¬ 
ever,  the  surface  area  increased,  the  platinum  uptake  rose  and  the  catalytic  activity 
improved.  Raising  the  operating  temperature  to  190°  increased  the  limiting  current 
to  over  80  ma/mg  of  platinum.  Overall  a  tenfold  improvement  has  been  achieved,  thus 
making  the  outlook  for  this  program  bright. 

Some  work  was  also  done  on  the  structure  or  fabrication  of  platinum  black 
electrodes  for  use  on  liquid  hydrocarbons,  although  most  of  the  effort  available  had 
to  be  devoted  to  preparation  of  a  demonstration  cell  stack.  Fuel  transport  through 
decane  electrodes  is  a  recurring  problem.  The  rate  of  fuel  transport  was  found  to 
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be  independent  of  the  activity  of  the  electrode,  varied  by  changing  the  Teflon  sinter¬ 
ing  conditions.  Thus,  it  is  hoped  to  be  able  to  reduce  fuel  transport  without  ad¬ 
versely  affecting  performance.  Another  structure  problem  had  to  do  with  separation 
of  the  fuel  side  Teflon  barrier  used  to  prevent  fuel  flooding.  This  problem  was 
solved  by  finding  a  means  of  laminating  a  3.5  mil  porous  Teflon  film  to  the  elec¬ 
trode  without  collapsing  the  pores.  Variability  in  the  quality  of  Teflon  emulsion 
is  a  structural  problem  which  remains  to  be  fe.ced  in  the  future. 

The  non-noble  catalyst  program  featured  alloys,  oxides,  carbides  and  steam 
reforming  catalysts.  The  alloy  program  concentrated  on  the  development  of  a  method 
for  producing  high  surface  area  metals,  which  were  truly  alloyed  in  the  sense  of 
having  altered  lattice  spacings  in  their  X-ray  patterns.  A  chemical  reduction  tech¬ 
nique  was  found  to  be  unsatisfactory  as  were  initial  attempts  at  making  Raney  alloys. 
After  extraction  of  the  aluminum  the  residues  were  found  to  be  mixtures  of  the  un¬ 
alloyed  metals  or  their  oxides.  However,  true  high  surface  area  alloys  could  be 
prepared  by  annealing  the  Raney  alloy,  before  extraction,  at  a  temperature  at  which 
the  binary  phase  diagram  indicates  a  solid  solution  or  intermetallic  compound,  and 
then  quenching  in  water  to  retain  the  alloy  in  a  metastable  condition.  While  some 
of  the  alloys  are  active  with  hydrogen,  none  so  far  has  shown  activity  on  hydrocar¬ 
bons.  The  method,  however,  appears  to  be  very  promising  for  future  use. 

In  the  oxide  program  the  work  on  perovskites  has  been  concluded  and  atten¬ 
tion  has  been  directed  toward  the  closely  related  tungsten  bronzes.  Perovskites 
containing  nickel  and  cobalt  had  been  rendered  conductive  via  the  incorporation  of 
vacancies  in  the  oxide  positions  of  the  lattice.  This  conductivity,  however,  was 
lost  rapidly  on  acid  treatment.  By  analogy  with  the  conductivity  of  lithiated 
nickel  oxide,  it  was  concluded  that  the  conductivity  of  oxide  deficient  perovskites 
was  due  to  oxidized  species  such  as  Co+++  which  are  known  to  be  much  less  stable 
than  the  divalent  ions.  Hence  the  rapid  conductivity  loss  as  the  unstable  ions  are 
extracted.  Elements  with  more  stable  higher  valence  states  such  as  manganese  and 
chromium  would  be  expected  to  form  perovskites  whose  conductivity  was  acid  stable. 

This  proved  to  be  the  case.  A  good  combination  of  acid  stability  and  corrosion  re¬ 
sistance  was  obtained  with  chromium  and  manganese  perovskites.  However,  no  catalytic 
activity  toward  hydrogen,  oxygen,  or  hydrocarbons  could  be  detected. 

An  attempt  was  made,  therefore,  to  use  achieve  conductivity  using  the 
lower- than-normal  valence  states  of  the  element  molybdenum.  However,  there  is 
apparently  too  little  overlap  between  molybdenum  orbitals  in  the  perovskite  struc¬ 
ture.  Satisfactory  conductivity  was  not  achieved  and  the  approach  was  dropped. 

The  bronzes,  however,  look  much  more  promising.  These  materials,  utiliz¬ 
ing  the  lower  valence  states  of  tungsten  in  a  perovskite-like  structure,  are  very 
acid  resistant  and  have  metallic  conductivity.  Unmodified  they  have  no  catalytic 
activity.  It  has  been  found  possible  to  incorporate  nickel  into  them,  with  some 
sacrifice  in  conductivity  and  acid  stability,  but  with  generally  with  a  good  com¬ 
bination  of  properties.  The  X-ray  diagrams  of  these  materials  were  extremely  com¬ 
plex,  indicating  both  mixed  bronze  phases  and  impurities.  Therefore,  improved  com¬ 
positions  or  means  of  preparation  will  have  to  be  developed  before  an  accurate 
assessment  of  their  potential  is  possible.  So  far  they  have  shown  no  catalytic 
activity,  but  only  Ni"*-1"  ions  have  been  incorporated.  These  do  not  have  the  d-10 
configuration,  which  appears  desirable  for  catalytic  activity. 

Mixed  transition  metal  carbides  are  being  investigated  as  fuel  cell  cata¬ 
lysts  because  they  are  more  metallic  in  nature  than  the  oxides,  are  highly  conduc¬ 
tive  and  in  certain  cases  are  corrosion  resistant.  It  was  first  verified  that  com¬ 
mercially  available  grinding  tool  carbides  were  not  catalytic,  and  that  some  "H" 
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phase  carbides  available  at  the  University  of  Pennsylvania,  and  other  simple  carbides 
were  not  corrosion  resistant.  However,  the  so-called  eta  carbides  appeared  much 
more  interesting.  These  combine  group  V  and  VI  metals,  which  yield  acid  resistant 
carbides,  and  the  first  row  transition  elements  into  single  phase  carbides.  A 
purchased  sample  of  nickel-tungsten-carbide  proved  to  be  very  impure,  but  the  nickel 
in  the  actual  eta  phase  was  resistant  to  acid.  Various  apparatus  are  being  set  up 
to  custom  make  these  compounds  at  the  desired  compositions,  stoichiometries  and 
degrees  of  purity.  It  appears  that  a  vacuum- induction  furnace  with  a  water  cooled 
shield  will  be  required. 

Some  time  ago  a  means  was  found  for  fabricating  non-noble  steam  reforming 
catalysts  into  conductive  electrodes.  These  were  active  with  hydrogen  fuel  but  not 
with  hydrocarbons.  It  was  hypothesized  that  the  presence  of  the  reactants  in  the 
liquid  phase  might  have  inhibited  the  steam  reforming  function  of  the  catalyst.  To 
test  this  hypothesis  steam  reforming  runs  were  carried  out  non-electrochemically  in 
a  pressure  reactor,  where  the  reactants,  hexane  or  decane  and  water,  could  be  main- 
in  the  liquid  phase.  Appreciable  activity  was  obtained,  limited  only  by  diffusion 
rates.  Thus,  the  presence  of  the  reactants  in  the  liquid  phase  did  not  damage  the 
electrochemical  performance  of  the  catalysts.  The  presence  of  ions  or  the  lower 
pressure  must  have  been  responsible. 

2.2  Task  B.  Hydrocarbon  Fuel  Cell 

Total  cell  studies  were  conducted  to  assess  the  engineering  feasibility 
and  system  requirements  of  a  direct  liquid  fuel-air  fuel  cell  system.  A  liquid 
decane-air  fuel  cell  was  constructed  with  sufficient  capability  to  allow  evaluation 
of  anticipated  problem  areas  related  to  fuel  transport  and  carbon  dioxide  rejection 
in  the  electrolyte  space. 

Tests  in  small  (10  cm^)  single  and  multicell  units  indicated  that  cathode 
cracking  and  anode  barrier  separation  could  limit  stack  life.  However,  this  problem 
was  solved  by  laminating  porous  Teflon  film  directly  to  the  sintered  platinum-Teflon 
electrodes.  Satisfactory  life  and  performance  were  thus  obtained.  Unfortunately, 
chemical  oxidation  and  cathode  deterioration  due  to  decane  transport  was  observed 
in  some  multicell  units.  In  addition,  the  small  cell  tests  indicated  a  need  for 
improved  electrolyte  venting  to  minimize  carbon  dioxide  buildup  and  reduce  cell 
resistive  losses.  Despite  these  problems,  performance  levels  were  quite  satisfactory 
yielding  17-21  mw/cm^  and  14-17  mw/cm^  on  oxygen  and  air  respectively. 

Based  upon  the  information  developed  in  the  small  scale  cell  tests  a  large 
(80  cm2)  five  cell  liquid  decane-air  multicell  assembly  and  operating  system  was 
designed  and  constructed.  Initial  oxygen  performance  with  Cyanamid  AA-1  cathodes 
laminated  to  porous  Teflon  film  agreed  with  that  obtained  in  small  cells.  However, 
air  performance  showed  an  80  mv  debit  due  to  decane  transport  to  the  cathode  and 
system  life  was  limited.  Improvements  in  performance  and  life  were  obtained  by 
using  laminated  porous  Teflon  film  on  sintered  platinum-Teflon  anodes  and  cathodes. 

A  three  cell  assembly  with  these  improved  components  has  been  run  for  over  400  hours. 
This  same  three  cell  assembly  was  run  on  a  wide  boiling  range  isoparaf finic  jet 
fuel,  yielding  only  about  one  third  the  liquid  decane  activity. 

2.3  Task  C.  New  Systems 

The  new  systems  effort  has  concentrated  on  intermediate  temperature  and 
buffer  electrolytes,  catalysts  for  buffer  electrolytes  and  the  catalyst-electrolyte 
slurry  system. 
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The  intermediate  temperature  electrolytes  examined  were  pyrophosphoric 
and  molten  bisulfate  mixtures.  Work  with  low  catalyst  content  electrodes  in  pyro¬ 
phosphoric  acid  at  2758C  has  shown  that  high  catalyst  utilizations  can  be  obtained. 
Butane  could  sustain  200  ma/cm2  at  0.44  volts  polarized,  and  oxygen,  500  ma/cm2  at 
0.38  volts  polarized,  on  electrodes  containing  5  mg/cm2  of  platinum.  These  activities 
are  considerably  greater  than  that  attained  by  the  equivalent  electrode  structures 
in  857.  phosphoric  acid  at  150°C.  The  usefulness  of  an  electrolyte  that  can  operate 
at  higher  temperatures  as  a  means  of  effecting  higher  catalyst  utilizations  has  thus 
been  demonstrated.  Electrodes  of  still  lower  catalyst  content,  2.5  mg/cm2,  exhibited 
a  disproportionate  activity  decrease  due  to  structural  problems.  It  is  anticipated 
that  when  suitable  low  catalyst  density  electrode  structures  are  available,  still 
further  catalyst  utilizations  will  be  obtained  using  pyrophosphoric  acid. 


Molten  alkali  metal  bisulfate  electrolytes  were  studied  to  ascertain 
whether  a  system  operating  in  the  same  temperature  range  as  pyrophosphoric,  but  not 
as  corrosive,  was  available.  Hydrocarbon  and  oxygen  activities  in  this  medium  on 
massive  platinum  electrodes  were  considerably  lower  than  that  obtained  in  pyrophos¬ 
phoric  acid.  In  addition,  the  electrolyte  was  not  invariant,  losing  SO^  at  high 
temperatures  and  generating  H2S  at  reducing  potentials.  Molten  salt  fuel  cell 
electrolytes  must  have  anions  which  equilibrate  with  non-volatile  and  non-reducible 
oxides. 


Silver  cathodes  exhibit  appreciable  activity  in  carbonate  solutions,  but 
the  activity  decreases  with  decreasing  pH.  A  study  was  carried  out  to  determine 
whether  a  carbonate  solution  could  be  kept  above  its  equilibrium  pH  value  when  used 
as  the  electrolyte  in  a  fuel  cell  where  CO2  is  an  anodic  oxidation  product.  It  was 
shown  that  carbon  dioxide  rejection  from  a  carbonate  solution  into  a  flowing  gas 
stream,  such  a?  would  be  available  in  an  air  electrode,  was  too  slow  to  prevent 
rapid  carbonation  and  return  to  the  equilibrium  pH. 

Silver-palladium  oxide  catalyzed  electrodes  exhibited  considerable  activity 
on  methanol  in  potassium  hydroxide  and  potassium  carbonate  solutions.  Limiting  cur¬ 
rents  over  2000  ma/cm2  were  observed.  Even  butane  showed  evidence  of  some  activity 
at  these  highly  alkaline  pH  values.  Raney  gold  and  gold  alloys  were  also  shown  to 
have  some  methanol  activity  in  potassium  hydroxide. 

Further  work  with  the  slurry  electrode  system  has  shown  that  considerable 
performance  improvement  could  be  achieved  with  decane  fuel  by  increasing  the  ratio  of 
electrode  area  to  volume  and  by  improving  the  flow  pattern.  However,  while  the 
current  density  of  the  electrode  was  very  high,  the  specific  current  density  in  m a/ 
mg  of  catalyst  was  still  so  low  that  it  is  doubtful  that  catalyst  utilizations  better 
than  that  achieved  in  static  systems  could  be  obtained. 

2.4  Task  D,  Methanol  Electrode 

Studies  on  the  methanol  electrode  were  continued,  concentrating  on  further 
establishing  the  degree  of  stability  and  reliability  of  the  ruthenium  modified  P- 
type  catalyst,  and  on  determining  whether  catalyst  supports  could  be  used  to  improve 
catalyst  utilization.  Single  cell  and  half  cell  testing  of  the  catalyst  was  com¬ 
pleted.  Anodes  were  tested  for  as  long  as  11,000  hours  with  non-recoverable  losses 
of  only  15  mv.  In  addition,  reversible  performance  losses  in  cell  performance 
ranging  from  10  to  50  mv  were  found.  These  were  recoverable  by  open  circuiting  the 
cell,  changing  the  electrolyte,  and/or  overpolarizing  the  anode  in  the  absence  of 
methanol  to  0.8  to  0.9  volts.  Storage  would  not  impair  performance.  However,  copper 
was  found  to  bo  an  undesirable  contaminant. 
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New  techniques  were  developed  for  employing  supports  to  effect  reductions 
in  catalyst  loadings.  Both  silica-on-carbon  and  boron  carbide  were  tested  as  sup¬ 
ports.  Catalyst  utilization  using  the  silica-on-carbon  support  amounted  to  only 
0.12  ma/mg  at  0.35  volts  polarization.  Studies  of  the  impaired  performance  indicated 
a  need  to  develop  new  washing  procedures.  Catalyst  utilizations  of  4.7  ma/mg  were 
obtained  using  boron  carbide  as  a  support.  Increasing  the  reduction  temperature 
improved  performance,  with  the  best  utilization  obtained  with  hydrogen  reduction  at 
225°C.  Further  improvements  may  be  possible  through  changes  in  procedures  for 
making  the  catalyst. 

2.5  Task  E.  Air  Electrode 

Testing  has  continued  on  the  development  of  cathode  structures  for  methanol 
cells  that  do  not  require  membrane  backings  to  prevent  gross  water  transport.  Ex¬ 
periments  were  carried  out  using  cathodes  that  were  spray-coated  with  Teflon  on  the 
air  side,  to  evaluate  the  performance  during  extended  operation,  and  the  effects  of 
scaling  them  to  practical  sizes.  It  was  found  that  these  coated  electrodes,  when 
not  heat-treated,  would  operate  for  about  900  hours  with  unimpaired  performance. 
Furthermore,  large  7.5  inch  diameter  electrodes  could  be  prepared  with  performances 
comparable  to  the  smaller  1  inch  diameter  electrodes.  However,  the  electrodes  leak 
electrolyte  at  small,  but  still  unacceptably  high,  rates.  As  an  alternative  approach, 
sodium  alginate  was  evaluated  as  a  membrane  substitute.  Its  performance  in  small 
electrodes  was  at  least  comparable  to  the  conventional  cathode.  But  scaled-up  elec¬ 
trodes  were  0.1  volt  more  polarized  and  also  leaked.  Thus,  more  work  remains. 

Research  was  also  carried  out  on  cathodes  suitable  for  use  in  the  hydro¬ 
carbon  cell  at  150°C  in  14.7  M  phosphoric  acid.  Several  cathodes  were  developed. 

These  included  50  and  10  mg/cm2  sintered  platinum-Teflon  electrodes  laminated  to  3.5 
mil  porous  Teflon  films,  and  a  carbon  supported  cathode  containing  2.5  mg/cm2  plati¬ 
num.  The  electrode  with  the  highest  catalyst  loading  was  polarized  only  0.30  volt 
at  100  ma/cm2.  The  10  and  2.5  mg/cm2  cathodes  exhibit  additional  70  and  160  mv 
polarizations,  respectively.  In  addition,  a  high  performance  cathode  using  the 
silica-on-carbon  support  and  containing  only  1  mg/cm2  of  platinum  presently  is 
under  test.  This  electrode  exhibits  over  four  times  the  catalyst  utilization  of 
the  above  mentioned  electrodes. 

2.6  Task  F.  Methanol  Fuel  Cell 


Because  of  the  high  chemical  oxidation  rates  occurring  at  the  cathode  in 
the  9"  x  5-3/4"  cells,  further  studies  were  carried  out  on  techniques  for  reducing 
this  loss.  Dacron  felt  and  Permaplex  C-20  membrane  barriers,  installed  between  the 
electrodes  in  4"  x  4"  half-cells  and  total  cells,  were  found  to  substantially  re¬ 
duce  chemical  oxidation  at  the  cathode.  Performance  was  also  improved.  However, 
no  improvements  were  obtained  in  the  9"  x  5-3/4"  cells  using  the  same  techniques. 
Baffling  the  anode  chamber  and  the  use  of  multiple  injection  ports  were  also  tested 
in  the  9"  x  5-3/4"  cell  because  this  cell  was  not  able  to  operate  at  low  methanol 
concentrations  at  performance  comparable  to  those  obtained  in  4"  x  4"  cells.  How¬ 
ever,  no  significant  improvements  were  obtained. 

A  simplified  cell  was  also  tested  using  a  wicking  system  to  supply  fuel, 
and  natural  breathing  to  supply  air.  The  cell  operated  virtually  unattended  for 
3000  hours.  Thus,  simplified  cell  operation  without  electrolyte  circulation  is 
feasible . 
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2.7  Task  G.  Prototype  Development 


A  self-contained  Methanol  Fuel  Cell  Battery  Demonstrator  was  designed, 
constructed,  and  tested  briefly  prior  to  delivery  to  the  U.S.  Army  Electronics 
Command.  Miniaturized,  automatically  controlled  devices  were  developed  to  provide 
the  essential  auxiliary  facilities  required  by  the  fuel  cell  module,  with  low  para¬ 
sitic  power  consumption.  These  include  a  corrosion- free  high  output  pump  for  cir¬ 
culating  sulfuric  acid  electrolyte,  a  low  pressure  drop  system  for  supplying  ambient 
air,  facilities  to  provide  adequate  heat  removal  and  recovery  of  product  water  and 
a  simple  acid  concentration  detector  and  controller.  Also  included  was  a  methanol 
concentration  controller  to  ensure  an  optimum  addition  rate  of  methanol.  Power 
levels  of  about  80  watts  at  6.0  volts  regulated  output  were  obtained  during  initial 
short-term  testing  of  the  integrated  system.  Subsequent  testing  of  the  fully- 
assembled  Demonstrator  gave  power  levels  of  65  watts,  but  performance  was  not  con¬ 
sistent,  due  to  instability  of  the  methanol  control  system. 


SECTION  3 


PUBLICATIONS.  LECTURES.  REPORTS,  AND  CONFERENCES 


3.1  Lectures 

Tarmy,  B.  L.  and  Ciprios,  G.  -  The  Methanol  Fuel  Cell  Battery — International 

Conference  on  Energetics,  Rochester,  New  York,  August  20,  1963. 

Shropshire,  J.  A.,  Okrent,  E.  H.,  and  Horowitz,  H.  H.  -  Limiting  Processes  at 

Hydrocarbon  Electrodes — Symposium  on  Hydrocarbon  Air  Fuel  Cells 
at  the  150th  Meeting  of  the  American  Chemical  Society,  Atlantic 
City,  New  Jersey,  September  12-15,  1965. 

Okrent,  E.  H.,  and  Tarmy,  B.  L.  -  Heat  and  Water  Balancing  of  the  Methanol-Air 
Fuel  Cell--Fuel  Cell  Systems  and  Processes  Symposium,  Fifty- 
Eighth  National  Meeting  of  the  American  Institute  of  Chemical 
Engineers,  Philadelphia,  Pennsylvania,  December  7,  1965. 


3.2  Conferences 

July  9,  1965  -  Linden,  New  Jersey 

Organizations  represented:  United  States  Army  Electronics  Command 

Esso  Research  and  Engineering  Company 

The  meeting  was  a  general  review  of  program  and  plans  for  the  methanol-air 
and  hydrocarbon-air  fuel  cells. 

August  4,  1965  -  Fort  Monmouth,  New  Jersey 

Organizations  represented:  United  States  Army  Electronics  Command 

Esso  Research  and  Engineering  Company 

Specific  areas  of  methanol-air  and  hydrocarbon-air  fuel  cell  programs  were 

reviewed. 

September  24,  1965  -  Linden,  New  Jersey 

Organizations  represented:  United  States  Army  Electronics  Command 

Esso  Research  and  Engineering  Company 

Specific  areas  of  methanol-air  and  hydrocarbon-air  fuel  cell  programs  were 

discussed. 

November  19,  1965  -  Linden,  New  Jersey 

Organizations  represented:  United  States  Army  Electronics  Command 

Esso  Research  and  Engineering  Company 

Specific  areas  of  methanol-air  and  hydrocarbon-air  fuel  cell  programs  were 

discussed. 
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3.3  Reports 


This  report  is  written  in  conformance  with  the  detailed  reporting  require¬ 
ments  as  presented  in  the  Signal  Corps  Technical  Requirement  on  Technical  Reports 
(SCL-2101P,  18  February  1963)  under  the  terms  of  our  contract;  these  requirements 
differ  from  the  usual  requirements  for  reports  issued  within  Esso  Research  and 
Engineering  Company. 

3. A  Publications 


Shropshire,  J.  A.,  Okrent,  E.  H.,  and  Horowitz,  H.  H.  -  Limiting  Processes  at 
Hydrocarbon  Electrodes — Hydrocarbon  Fuel  Cell  Technology, 

B.  S.  Baker,  Ed.,  Academic  Press,  New  York  (1965)  p.  539. 

Tarmy,  B.  L.  and  Ciprios,  G.  -  The  Methanol  Fuel  Cell  Battery--Engineering 
Developments  in  Energy  Conversion,  American  Society  of 
Mechanical  Engineers,  New  York,  1965,  p.  272. 
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SECTION  4 


FACTUAL  DATA 


4.1  Task  A,  Hydrocarbon  Electrode 

The  goals  of  the  hydrocarbon  electrode  program  remain  as  they  were  in 
the  previous  reporting  period:  to  reduce  the  cost  and  increase  the  availability 
of  the  catalyst  by  increasing  the  utilization  of  platinum  or  by  substituting  a 
non-noble  metal.  The  programs  are  thus  divided  into  these  two  areas. 

The  platinum  utilization  problem  is  being  approached  hrough  both  long 
range  mechanistic  studies  and  direct  short  range  catalyst  modifications.  Efforts 
in  the  former  area  concentrated  on  the  extension  of  the  chemisorption  rate  measure¬ 
ments  which  had  led  to  the  "two  sir_e"  theory  of  platinum  catalysis.  Attempts  were 
made  to  modify  the  nature  and  amounts  of  the  two  types  of  sites,  and  thereby  affect 
electrocatalytic  activity.  The  adsorption  measurement  techniques  were  also  applied 
to  phosphoric  acid  electrolyte  at  temperatures  above  100°C, whereas  they  had  previ¬ 
ously  been  carried  out  only  in  3.7  M  sulfuric  acid  below  100°C.  Results  obtained 
previously  indicated  that  at  80°  to  100°C  chemisorption  would  be  rate  controlling 
in  the  limiting  current  region,  but  not  in  the  voltage  sensitive  or  Tafel  region. 
However,  the  energies  of  activation  of  the  adsorption  and  electrocatalytic  processes 
suggested  that  at  higher  temperatures  the  adsorption  process  would  be  rate  deter¬ 
mining  in  both  regions. 

The  direct  efforts  to  improve  platinum  utilization  centered  around  the 
use  of  a  carbon  support.  The  advantageous  use  of  silica  as  a  co-support  was  de¬ 
veloped  further.  When  the  surface  area  or  porosity  of  the  carbon  was  found  to  in¬ 
fluence  performance  it  was  investigated.  The  effect  of  temperature  variations 
were  determined.  Some  electrode  structure  work  involving  the  wetproofing  technique 
was  carried  out,  although  most  of  the  effort  in  this  area  was  devoted  to  the  prepa¬ 
ration  of  a  demonstration  hydrocarbon- air  cell  stack  (see  Task  B) . 

Research  in  the  non-noble  catalyst  area  is  an  extension  of  the  previous 
work  with  some  modification.  Attention  shifted  from  the  conventional  perovskites 
to  modified  tungsten  oxide  bronzes.  These  also  possess  the  perovskite  crystal 
structure,  but  due  to  an  overlap  of  partially  filled  metal  ion  orbitals,  possess 
a  far  superior  combination  of  conductivity  and  acid  resistance.  The  aim  of  the 
present  studies  was  to  determine  whether  catalytic  metals  could  be  incorporated 
into  the  bronzes  with  retention  of  their  favorable  properties.  The  alloy  program 
now  deals  only  with  high  surface  area  materials  formed  by  a  Raney  technique.  X-ray 
analysis  has  been  used  to  determine  whether  alloys  are  actually  formed  by  this 
procedure.  Studies  have  been  carried  out  to  determine  how  to  modify  the  Raney 
preparation  technique  to  insure  alloy  formation.  Metals  chosen  according  to  the 
principles  previously  outlined  have  been  evaluated  for  catalytic  activity.  In 
addition,  the  silver-palladium  noble  metal  system  has  been  investigated.  Finally, 
the  investigation  of  mixed  carbides  has  begun  in  the  hope  of  combining  the  good 
conductivity  and  corrosion  resistance  properties  of  the  Group  IV  and  V  carbides 
with  the  catalytic  properties  of  the  Group  VIII  metals. 

Phase  1  -  Modification  of  Two  Types  of  Platinum  Sites 

As  discussed  in  the  previous  report  (7) ,  the  adsorption  of  butane  on 
commercial  platinum  black  in  3.7  M  sulfuric  acid  is  strongly  indicated  to  occur  only 
on  about  507o  of  the  catalyst  surface,  and  based  on  the  known  differentiation  of  the 
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platinum  surface  with  respect  to  hydrogen  adsorption-discharge,  the  butane  adsorp¬ 
tion  has  been  postulated  to  occur  on  a  particular  type  of  (hydrogen)  site.  As  an 
extension  and  test  of  this  concept,  it  would  be  very  desirable  to  obtain  a  means 
by  which  the  number  and  ratio  of  the  two  types  of  sites  on  the  platinum  surface 
could  be  varied  in  a  consistent  manner  and  the  concomitant  adsorption-oxidation  of 
butane  studied.  Such  a  variation  in  the  ratio  of  Type  I  to  Type  II  hydrogen  sites 
has  been  mentioned  in  publications  by  Franklin(J})  and  Will(j>).  Will  obtained 
variations  by  cutting  and  polishing  different  faces  of  single  crystals  of  platinum. 
Franklin  produced  different  high  surface  area  blacks  by  a  variation  in  the  current 
density  and  lead  acetate  concentration  during  the  electrodeposition  of  platinum. 

Following  the  latter  lead,  a  brief  study  of  the  effect  of  potential  and 
lead  acetate  concentration  on  the  nature  of  platinum  deposits  was  made  and  butane 
adsorption  investigated  on  those  deposits  showing  the  most  chance  of  alteration. 

Part  a  -  Effect  of  Platinizing  Conditions 
on  Subsequent  Catalyst  Deposits 

A  desirable  range  of  platinization  conditions  was  established  by  qualita¬ 
tive  evaluation  of  voltage  scans  on  nine  electrodes  prepared  with  37,  lUPtClg  solution 
with  a  100- fold  variation  in  Pb(Ac)2  concentration  and  0.2  volt  variation  in  deposi¬ 
tion  potential  (0.04,  0.4,  4.07„  Pb(Ac)2*.  -0.25,  -0.15,  -0.05  volts  vs  S.C.E.  25°C). 
The  highest  lead  concentration  produced  platinum  deposits  of  low  area  with  distorted 
voltage  scans,  probably  indicating  the  presence  of  significant  lead  in  the  deposit. 
Most  noticeable  effects  on  catalyst  area,  in  terms  of  oxide  reduction  peak,  were 
found  in  the  sample  at  0.47=  Pb(Ac)2*  Potential  of  deposition  and,  correspondingly, 
current  density,  appeared  to  have  minor  effects.  On  this  basis,  a  closer  look  was 
taken  at  deposits  produced  at  -0.15  voltsvs  S.C.E.  with  Pb(Ac)2  concentration  in 
0.27,  intervals  in  the  range  0-17o«  Electrodes  were  deposited  on  a  total  of  1/4  cm^ 
platinum  (sealed  in  glass)  at  a  platinization  level  of  1  mg/cm^.  Voltage  scans  on 
the  electrodeposited  samples  were  run  at  95°C  in  3.7  M  sulfuric  acid  from  -0.15  v 
to  1.3  v  vs  S.C.E. 

As  shown  in  Figure  A-l  and  Appendix  A-l  the  surface  area  (in  terms  of 
oxide  millicoulombs)  varied  widely  over  the  range  tested,  going  smoothly  through  a 
maximum  area  at  about  0.57,  Pb(Ac)2  concentration.  Even  at  the  maximum  level,  how¬ 
ever,  the  area,  in  me  oxide/mg,  was  only  about  equal  to  that  found  for  typical 
commercial  Pt  blacks  prepared  by  chemical  methods.  The  ratio  of  total  chemisorbed 
H*  to  oxide  for  most  of  these  samples  appears  lower  than  that  found  for  chemical 
blacks  with  a  typical  value  of  0.38  me  H*/mc  oxide  at  the  lower  surface  areas 
(Appendix  A- 1  ) .  Unfortunately,  uncertainty  in  distinguishing  the  dividing  line 
between  Type  I  and  Type  II  hydrogen  peaks  on  these  samples  made  it  appear  undesirable 
to  attempt  to  integrate  the  individual  peaks.  No  obviously  large  differences  in  the 
appearance  of  the  peaks  with  varying  Pb(Ac)2  concentration  were  observed,  however. 
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Figure  A-l 


Effect  of  Pb(Ac)„  on  Surface  Area 


Part  b  -  Adsorption  of  Butane  on 

Electrodeposited  Pt  Samples 

The  series  of  electrodeposited  platinum  samples  was  investigated  for 
saturation  butane  adsorption  using  the  technique  discussed  in  a  previous  report  (6) . 
Electrolyte  wetted  electrodes  were  held  in  vapor  phase  butane  above  a  3.7  M  sulfuric 
acid  solution  saturated  with  the  fuel  at  95°C.  The  tip  of  the  electrode  was  allowed 
to  touch  the  solution  in  order  to  maintain  potent iostat ic  control  of  the  electrode 
during  adsorption.  Following  a  sixty  minute  exposure,  electrodes  were  fully  immersed 
and  scanned  from  0-1.3  v  vs  S.C.E.  to  obtain  coulombs  of  fuel  on  the  electrode  and 
a  measurement  of  oxide  reduction  peak  area. 

As  shown  in  Appendix  A-l  the  ratiosof  millicoulombs  of  fuel  at  saturation 
to  oxide  millicoulombs  for  these  samples  were  somewhat  scattered  within  the  extremes 
of  0.6  to  1.6.  In  contrast,  previous  experience  with  chemically  prepared  Pt  blacks 
indicated  a  ratio  of  1.58  +  0.13  for  thirteen  samples  (6).  The  present  variation 
of  the  butane  coverage  could  be  explained  in  terms  of  millicoulombs  of  H*  adsorbed 
on  the  various  samples.  Thus,  as  shown  in  Figure  A-2,  the  total  millicoulombs  of 
fuel  adsorbed  correlated  fairly  well  with  total  millicoulombs  of  H*  found  on  the 
blank  electrodes.  The  intercept  on  the  abscissa  suggests  that  a  certain  initial 
part  of  the  electrodeposited  material  may  not  be  effective  for  butane  adsorption. 
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The  slope  of  the  me  fuel  vs  me  H*  plot  has  a  value  of  about  5  me  butane/mc  total  H*. 
This  value  is  considerably  higher  than  that  found  for  commercial  Pt  black  (e.g.,  3.3 
me  butane/mc  total  H*)  and  suggests  considerably  higher  coverage  with  fuel  than 
previously  deduced  for  commercial  Pt  if  we  use  the  same  assumptions  (i.e.,  26  elec¬ 
tron  fuel  oxidation  and  4  H*  displaced  per  butane  molecule). 


Figure  A- 2 

Fuel  Adsorption  Related  To  Total  H» 


From  the  correlation  with  total  H-  ,  however,  it  does  not  appear  that  a  variation  in 
the  ratio  of  sites  has  been  effected  by  these  techniques.  Further  studies  will  be 
necessary  to  determine  if  other  variations  in  electrodeposition  technique  actually 
give  the  variations  suggested  by  Franklin. 

Phase  2  -  Adsorption  of  Butane  on  Platinum 
Black  in  H-^P04  Solutions _ 

It  was  pointed  out  in  the  previous  report  (7^that  preliminary  studies  of 
butane  adsorption  on  platinum  black  in  H3PO4  solutions  indicated  behavior  which 
differed  significantly  from  that  observed  in  H2SO4  solution.  Since  operation  of 
practical  hydrocarbon  cells  may  necessitate  the  use  of  such  high  temperature  elec¬ 
trolytes  it  seemed  essential  to  extend  the  studies  of  fuel  adsorption  to  H3PO4  elec¬ 
trolyte  at  temperature;  in  the  range  of  130  to  150°C.  Studies  were,  therefore, 
carried  out  to  define  the  equilibrium  properties  of  the  adsorption  and  desorption 
of  butane  on  commercial  platinum  black  under  those  and  similar  conditions,  witli  an 
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eye  to  comparisons  and  contrasts  with  the  previously  discussed  H2SO4  system.  Equip¬ 
ment  and  procedures  were  the  same  as  those  described  previously  for  obtaining  equi¬ 
librium  adsorption  of  butane  in  the  H2SO4  system.  Electrodes  were  50  mg  of  Engelhard 
commercial  platinum  black  mixed  with  5  mg  of  Teflon  41  BX  emulsion  (du  Pont)  and 
pressed  on  smooth  platinum  flags. 

Part  a  -  Equilibrium  Adsorption-Desorption  of 
Butane  on  Platinum  in  14.7  M  H3PO4 _ 

Several  experiments  were  carried  out  to  define  the  saturation  quantity  of 
butane  (in  coulombs)  on  the  platinum  catalyst  at  equilibrium  at  140°C.  The  satura¬ 
tion  value  in  terms  of  Qp/Q0  (millicoulombs  fuel/mc  oxide)  was  found  to  be  1.71  +.06 
for  seven  samples  at  the  140®C  level  (Appendix  A-2)  •  The  ratio  of  me  H*/mc  oxide  at 
140°C  used  as  a  standardizing  factor,  however,  varies  in  this  system  from  that  found 
in  3.7  M  H2SO4  at  80-90°C.  For  the  existing  factor,  Qh/Q0(1'3)  =  0.37  at  140°C, 
saturation  thus  corresponds  to  Qf/Qh  5  4.62. 

If  one  assumes  that  butane  displaces  four  H-  as  previously  found  in  the 
H2SO4  system,  the  corresponding  saturation  coverage  of  platinum  with  butane  in  14.7 
M  H3PO4  at  140°C  is  found  to  be  7 1%  rather  than  the  ~  50%  of  the  (hydrogen 
available)  surface  found  in  H2SO4  solutions.  Following  our  previous  line  of  reason¬ 
ing  (2) ,  it  appears  possible  that  butane  in  H3PO4  covers  a  significant  quantity  of 
Type  I  as  well  as  Type  II  sites,  possibly  due  to  weaker  solvent  (anion)  effects  at 
the  platinum  surface  in  this  system.  It  is  possible  that  this  higher  coverage  ob¬ 
scures  too  many  (Type  I)  water  discharge  sites  and  results  in  the  normally  higher 
polarization  observed  for  butane  operation  in  H3PO4  electrolyte  over  that  in  H2SO4 
systems  (despite  the  temperature  differential)  (_5)  (_6)  (_7 )  . 

Part  b  -  Desorption  in  H3PO4  Systems 

It  was  pointed  out  in  the  previous  report  ( 7 )  that  butane  adsorbed  on 
commercial  platinum  black  was  rapidly  desorbed  as  the  electrode  potential  was  moved 
cathodically  into  the  region  of  Type  I  H*  formation.  Thus,  80%  of  complete  desorp¬ 
tion  (from  a  saturation  level)  was  accomplished  in  a  40  mv  cathodic  change  from  0.0 
to  -0.04  v  vs  S.C.E.  at  80°C.  It  was,  therefore,  of  interest  to  determine  if  a 
similar  desorption  was  as  easily  accomplished  in  H3PO4  solutions. 

Desorption  studies  were  carried  out  with  butane,  propane ,  and  ethane  at 
140UC  and  butane  at  100°C,  using  the  technique  described  previously.  The  electrode 
wpc  cal'nral’pH  i.ri  fh  fuel  in  fha  v?mr>r  phoc9  *••■**■*'  the  tip  of  rhn  alec.trod*?  touching  the 
solution  for  continuity  in  the  potential  control  circuit.  Ad sorpt ions  were  carried 
out  at  +0.05  v  vs  S-C.E.  Then  the  electrode  was  fully  immersed  and  equilibrated  at 
the  (more  cathodic)  potential  of  interest  prior  to  obtaining  the  anodic  voltage  scan 
and  integration  of  the  fuel  oxidation  coulombs. 

The  data  indicate  that  desorption  of  these  fuels  occurs  much  less  readily 
in  H3PO4  solution  at  140°C  than  in  the  H2SO4  at  80°C.  Thus,  as  shown  in  Figure  A-3 
(and  Appendix  A-  2  )  the  desorption  of,  e.g.,  butane  in  H3PO4  requires  much  more  nega¬ 
tive  potentials  and  is  never  greater  than  about  80%  complete  even  at  hydrogen 
evolution  potentials.  Desorption  of  propane  and  ethane  is  even  more  difficult,  in 
that  order,  and  the  comparison  with  butane-H2SC>4  data,  also  shown  in  Figure  A-3, 
makes  it  evident  that  the  H2SO4  and  H3PO4  systems  differ  significantly  in  their 
adsorption-oxidation  characteristics  for  these  fuels.  The  data  also  suggest  that 
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information  obtained  on,  e.g.,  ethane  may  be  disturbingly  inadequate  to  describe 
the  behavior  of  butane  and  certainly  fuels  of  much  higher  carbon  number.  It 
is  of  interest  to  note  that  desorption  of  butane  in  H3PO4  is  relatively  unaffected 
by  the  temperature  difference  between  100  and  140°C,  thus  confirming  that  the  dif¬ 
ferences  between  H2S04  and  H3PO4  systems  are  largely  solvent  differences. 


Figure  A- 3 

Cathodic  Desorption  of  Hydrocarbons 


Part  c  -  Adsorption  at  Temperatures 
Near  the  Boiling  Point 

It  has  been  suggested  in  a  previous  paragraph  that  the  equilibrium  adsorp 
tion  of  butane  fuel  on  platinum  black  in  14.7  M  H3PO4  at  140°C  may  actually  cover  a 
greater  number  of  surface  sites  than  is  desirable  for  optimum  electro-oxidation. 

In  addition,  it  has  been  found  in  actual  practice  that  performance  of  hydrocarbon 
electrodes  in  14.7  M  H3PO4  electrolyte  is  optimum  at  about  150°C  or  water  vapor 
pressure  of  about  600  mm  (j6)  (_7 ) .  It  thus  seemed  desirable  to  qualitatively  study 
the  adsorption  of  fuel  at  temperatures  approaching  the  boiling  point  of  the  elec¬ 
trolyte  . 


Adsorption  tests  were  carried  out  in  the  manner  described  previously  using 
electrodes  with  commercial  platinum  black.  For  comparison  with  the  data  in  85% 
H3PO4  (B.P.  '■'*  159°C),  tests  were  also  carried  out  in  96.5%  II3PO4  (i.e.,  a  signifi¬ 
cantly  higher  boiling  point)  and  in  30%  H2SO4  near  its  boiling  point  (~109°C). 
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The  data,  shown  in  Table  A-l  (and  Appendix  A-  2),  clearly  indicate  a  sharp 
decrease  in  adsorption  following  a  one  hour  period  r.t  temperatures  approaching  the 
boiling  point  of  the  respective  acids.  Thus,  at  150°C,  the  adsorption  in  85% 

H3PO4  is  low  and  erratic  while  in  96.5%  H3PO4  at  the  same  temperature,  values  are 
equal  to  the  values  at  120°C.  It  is  only  at  160°C  in  96.5%  H3PO4  that  the  decreasing 
adsorption  tendency  is  noted.  Similarly,  in  l^SO^,  only  at  a  temperature  4°C  below 
the  boiling  point  can  the  decreased  adsorption  be  noted. 


Table  A-l 


Effect  of  Temperature  on  Relative  Butane  Adsorption 


Engelhard  Platinum  Black 
1  Hour  Adsorptions 


It  is  likely  that  this  decreased  adsorption  is  caused  by  lowered  fuel 
transport  at  the  decreased  concentrations  existing  near  the  boiling  point  of  the 
acid.  Thus,  at  150°C,  85%  H3PO4  has  a  water  vapor  partial  pressure  of  about  700  mm, 
and  fuel  concentration  may  undergo  a  tenfold  change  as  the  temperature  is  raised  in 
such  a  system.  It  seems  unlikely  that  the  equilibrium  nature  of  a  chemisorption 
such  as  this  would  be  severely  effected  by  such  a  tenfold  change. 


An  indication  of  transport  control  was  obtained  in  a  study  of  butane 
partial  pressure  effects  at  fixed  temperature.  In  this  experiment,  carried  out  in 
85%  H3PO4  at  140°C,  butane  was  diluted  with  argon  over  a  10:1  range  and  1  ard  2 
hour  adsorption  exposures  obtained  on  the  platinum  black  electrodes.  Results  of 
these  tests,  shown  in  Figure  A-4,  indicate  that  a  tenfold  fuel  dilution  produces 
less  than  one-half  the  normal  quantity  of  fuel  adsorbed.  However,  the  two  hour 
exposures  increase  this  value  significantly,  indicating  that  it  is  not  an  equilibrium 
effect . 
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Figure  A-4 

Effect  of  Partial  Pressure 
Relative  Butane  Coverage 


Relative  Butane  Concentration 


Despite  the  nature  of  the  decreased  adsorption,  it  is  apparent  that 
operation  at  low  fuel  partial  pressures,  near  the  boiling  point,  may  have  significant 
effects  on  the  fuel  available  to  the  catalyst  surface.  Thus,  if  as  postulated 
previously,  the  adsorption  of  butane  from  H3PO4  is  normally  too  extensive  for  op¬ 
timum  performance,  the  observed  optimization  of  these  systems  near  the  boiling  point 
may  involve  optimization  of  fuel  adsorption  as  well  as  water  supply  to  the  reaction. 
In  addition,  a  similar  argument  may  account  for  the  ease  of  induction  of  potential 
oscillations  by  relatively  minor  temperature  fluctuations  under  load. 


Part  d  -  Study  v.  f  Adsorption  Rates 
in  the  H-^POa  System _ 

Based  on  the  adsorption  rate  data  obtained  previously  using  the  flowing 
electrolyte  technique  in  H2SO4  electrolyte,  it  seemed  desirable  to  consider  a 
measurement  of  adsorption  rates  in  butane-Pt-HjPO^  systems  at  elevated  temperatures. 
It  is  immediately  obvious,  however,  that  a  somewhat  different  problem  is  posed. 

Thus,  it  is  not  at  all  apparent  that  sufficiently  high  electrolyte  flow  rates  can 
be  obtained  in  the  porous  tantalum  plate  system  discussed  in  Report  No.  7  to  re¬ 
move  all  transport  effects  and  expose  the  adsorption  limited  rates  for  measurement 
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and  study.  For  this  reason  it  was  decided  to  investigate  the  possibility  of  chang¬ 
ing  the  system  from  a  powdered  Pt  material  supported  on  porous  tantalum  to  a  flow¬ 
through  platinum  screen  arrangement  upon  which  platinum  black  could  be  electro- 
deposited  to  desired  levels.  Sufficiently  high  flow  rates  should  thus  be  more 
readily  obtained  for  use  with  H3PO4  -  140°C  electrolyte.  At  the  same  time,  how¬ 
ever,  it  was  deemed  advisable  to  investigate  the  identity  of  electrodeposited  plati¬ 
num  versus  commercial  platinum  black  for  fuel  adsorption  rates  in  the  3.7  M  H2SO4  - 
95°C  system  as  a  standard.  This  would  provide  a  sound  basis  for  extension  to  H3PO4  - 
140°C  using  electrodeposited  platinum. 

Preliminary  tests  were  carried  out  in  the  3.7  M  H2SO4  -  95°C  flowing 
electrolyte  system  discussed  previously  using  platinum  electrodeposited  on  the 
platinum  screen  at  a  level  of  4  mg/cm^.  After  establishing  blanks  for  the  sawtooth 
scans  with  argon  at  95°C,  a  series  of  butane  adsorption  experiments  were  run  at 
-0.05,  0.0,  +0.1  and  +0.2  volts  versus  S.C.E.  in  the  3.7  M  H2SO4  system.  Coulombs 
of  fuel  accumulated  versus  wait  time  was  plotted  for  maximum  electrolyte  flow  con¬ 
ditions,  about  200  cc/min. 

Integration  of  these  scans  on  electrodeposited  platinum  surprisingly  in¬ 
dicated  that  the  coulombs  versus  wait  time  plots  were  not  nearly  as  linear  for  this 
system  as  they  were  for  commercial  platinum  black.  Non-linearity  of  the  plots  makes 
difficult  the  reliable  estimation  of  adsorption  rates  and  introduces  a  serious 
question  as  to  the  suitability  of  electrodeposited  platinum  as  a  research  replace¬ 
ment  for  the  commercial  platinum  black  actually  used  for  more  practical  electrode 
manufacture.  It  may  be  that  real  catalytic  differences  other  than  simple  area 
considerations  are  present  as  is  often  speculated. 

Further  work  will  be  necessary  to  establish  if  a  workable  system  for  ad¬ 
sorption  rate  measurements  in  high  temperature  H3PO4  can  be  found. 

Phase  3  -  Increasing  Pt  Utilization 

In  order  to  bring  platinum  performance  with  hydrocarbon  fuels  to  pract¬ 
ically  feasible  levels,  specific  current  densities  of  several  hundred  ma/mg  of 
platinum  would  have  to  be  approached.  Using  bulk  platinum,  a  maximum  of  8  ma/mg 
has  been  obtained  (butane,  14.7  M  phosphoric  acid,  150°C).  It  has  been  shown  that 
about  107o  of  the  Pt  was  present  at  the  surface.  The  approach  taken  in  the  present 
study  has  been  to  use  a  support  to  make  more  of  the  platinum  available  in  the  sur¬ 
face  and  possibly  to  increase  the  activity  of  the  atoms  in  the  surface.  A  prelim¬ 
inary  target  of  80  ma/mg  was  set,  it  being  felt  that  an  improvement  of  this  magni¬ 
tude  would  justify  further  efforts  toward  the  ultimate  target. 

Carbon  is  continuing  to  be  used  as  the  basic  support  material  because  of 
its  conductivity,  corrosion  resistance,  high  surface  area,  and  sorptive  properties. 

It  had  been  found  earlier  (2)  that  inclusion  of  a  silica  co-support  gave  a  definite 
improvement  in  Pt  utilization.  Effort  was  concentrated  on  extension  of  this  co¬ 
support  approach. 
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Part  a  -  Initial  Benefit  of  Co-support 


The  co-support  approach  involved  adsorption  of  ammonium  chloroplatinate 
on  carbon  treated  with  freshly  precipitated  silicic  acid  gel  (5%  Si02  on  carbon), 
followed  by  high  temperature  reduction  and  an  activation  step.  The  catalyst  there¬ 
by  obtained  was  reported  (2)  as  having  a  utilization  level  of  16  ma/mg  at  a  polari¬ 
zation  of  0.40  volts.  This  was  about  twice  the  best  level  obtained  on  bulk  Pt  or 
on  comparable  impregnated  Pt-on-carbon  catalysts.  It  has  now  been  determined  that  a 
fourfold  improvement  was  actually  obtained.  Wet  chemical  analyses  showed  that  the 
final  catalysts  contained  2.5  to  3%  Pt  instead  of  the  4  to  5 %  Pt  estimated  from  a 
colorimetric  determination  of  the  unadsorbed  Pt  in  the  supernatant  solution. 

The  discrepancy  appears  to  have  been  due  primarily  to  the  formation  of  a 
colorless  Pt(II)  salt,  not  detectable  colorimetrically,  by  reduction  during  the  ad¬ 
sorption  step.  Some  losses  may  also  have  occurred  during  the  washing  step.  The 
revised  data  is  shown  in  Table  A-2. 


Table  A-2 


Effect  of  57,  Silica  on  Platinum- on- Carbon  Performance 


Avg  Performance,  ma/mg 

No.  of 

Catalyst 

@  T)  =  0.40  volts 

Replicates 

Adsorbed  37.  Pt/C-5Si02 

28 

5 

Impregnated  67»  Pt-lOlr/C 

7 

5 

Thus,  up  to  the  start  of  this  period  a  factor  of  four  improvement  in 
platinum  utilization  had  already  been  achieved  by  means  of  the  carbon  support  and 
silica  co-support. 

Part  b  -  Co-support  Optimization 

Optimization  studies  on  silica  content  using  the  co-support  approach  in¬ 
dicated  that  10%  by  weight  of  Si02  (introduced  as  silicic  acid  gel)  relative  to 
carbon  was  optimum,  and  better  than  the  57,  previously  used  .  This  is  shown  in  Table 
A-3,  taken  from  the  complete  data  in  Appendix  A-3. 

Table  A-3 


Effect  of  Added  SiO?  on  Supported  Pt  Catalysts 


7,  of  Added 

Si02(1) 2 3 

Pt  Utilization,  ma/mg 
@tj  =  0.40  volts 

0 

15 

5 

28(2) 

10 

34(3) 

15 

24 

50 

10 

(1)  Weight  relative  to  carbon. 

(2)  Average  of  5  determinations. 

(3)  Average  of  3  determinations. 
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Use  of  other  co-supports  was  less  effective  than  the  silicic  acid  gel, 
though  in  some  cases  performance  was  better  than  carbon  alone.  See  Table  A-4. 

Table  A-4 


Variation  of  Pt  Activity  with  Nature  of  Co-Support 


Adsorbed  Pt  Support 

Best  Pt  Utilization,  ma/mg, 

@  >7  =  0.40  volts' 

Carbon 

15 

Carbon- 20%  Tungsten  Bronze 

7 

Carbon- 10%  Calcium  Silicate 

13 

Carbon- 10%  Acid-Treated  Vermiculite 

15 

Carbon- 10%  Cabosil 

23 

Carbon- 10%  Aluminosilicate(2) 

27 

Carbon-10%  Si02  (silicic  acid  gel) 

38 

(1)  Several  inferior  runs  felt  to  be  limited  by  electrode  structure  or 
wetproofing  not  included.  See  Appendix  A- 3  for  further  details. 


(2)  Weight  ratio  of  Si02:Al203  =7:1. 


Of  these  alternate  co-supports,  only  the  aluminosilicates  appear  to  be 
worthy  of  further  work.  These  are  preparable  in  a  variety  of  crystal  structures 
and  have  often  been  used  as  supports  for  heterogeneous  catalysts. 

Part  c  -  Colloidal  Platinum  on  Silica  Treated  Carbon 

An  alternative  approach  which  had  been  taken  earlier  involved  adsorption 
of  colloidal  Pt  rather  than  soluble  chloroplatinate  onto  carbon  to  yield  a  6%  Pt 
catalyst.  This  method  had  given  optimum  utilizations  (10  ma/mg)  when  carbon  monoxide 
was  used  as  reducing  agent  in  the  preparation  of  the  colloid.  By  inclusion  of  10% 
Si02  utilization  was  increased  to  20  ma/mg.  An  attempt  to  increase  utilization 
further  by  decreasing  the  catalyst  concentration  to  3%  was  unsuccessful.  Neverthe¬ 
less,  the  colloidal  platinum  is  close  enough  in  activity  to  the  adsorbed  soluble 
platinum  in  activity  to  be  reconsidered  in  future  studies.  This  result  is  remark¬ 
able  in  view  of  the  relatively  large  particle  size  found  for  the  colloidal  platinum. 
This  will  be  discussed  in  a  later  section. 


Part  d  -  Carbon  Support  Studies 

The  use  of  different  batches  of  carbon  revealed  the  importance  of  the 
structure  of  the  carbon  on  the  performance  of  the  catalyst.  Thus,  one  batch  of 
carbon  adsorbed  1.8  to  1.9%  Pt  as  compared  to  2.5  to  3%  adsorbed  by  another  under 
the  same  experimental  conditions.  Limiting  currents  decreased  in  the  same  order 
as  platinum  content.  No  improvement  in  performance  was  obtained  with  the  poorer 
batch  by  modifying  conditions  to  give  greater  Pt  adsorption. 


While  both  batches  of  carbon  had  been  burned  out  with  C02  at  1000°C  for 
seven  hours,  the  poorer  carbon  had  only  two- thirds  of  the  surface  area  of  the  better 
carbon  (110  vs  180  m2/g).  Additional  burnout  of  the  low  surface  area  batch  caused 
a  20%  weight  loss  and  increased  its  surface  area  to  192  m^/g.  Simultaneously  the 
adsorption  and  performance  levels  improved,  to  equal  those  of  the  good  batch.  Fur¬ 
ther  C02  reburnout  to  the  extent  of  28%,  however,  resulted  in  decreased  surface  area 
and  substantial  performance  loss.  See  Table  A-5. 
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Table  A-5 


Effect  of  Carbon  Burnout  on  Performance 


Carbon 

Batch 

°L  Add '  1 
Burnout 
(%  wt  loss) 

Surface 

Area, 

m^/g 

7o  Pt 

Ads  on 
C-SiOo 

Highest  Limiting 
Current,  ma/cm^1/ 

Best  Pt 

Utilization,  ma/mg 

1 

-- 

180 

2.9 

45 

37 

2 

— 

112 

1.9 

20 

25 

2 

20 

192 

2.8 

45 

39 

2 

28 

172 

2.7 

23 

20 

(1)  Polarization  approximately  0.4  volts. 


These  results  indicate  that  high  surface  area  is  an  important  attribute 
of  a  good  carbon  support.  As  found  earlier,  additional  platinum  forced  on  a  plati¬ 
num-saturated  support  is  largely  wasted.  Burnout  with  carbon  dioxide  can  increase 
surface  area  to  some  extent,  but  excessive  burnout  can  decrease  surface  area  and 
catalyst  activity,  probably  by  causing  the  pores  to  grow  together  and  impurities 
in  the  carbon  to  concentrate.  Thus,  the  use  of  carbons  with  higher  initial  surface 
areas  appears  to  be  warranted.  Further  information  relating  to  the  surface  area 
and  pore  size  distribution  of  these  carbons  is  presented  in  Appendix  A- 4. 

Part  e  -  Effect  of  Temperature 

Another  approach  that  can  be  used  to  increase  Pt  utilization  is  to  operate 
at  higher  temperatures.  A  preliminary  examination  was  made  of  the  effect  of  tem¬ 
perature  increases  up  to  190°C.  Results,  shown  in  Table  A-6  for  the  best  catalysts- 
electrode  combination  tested,  indicated  that  substantial  performance  improvements 
could  be  attained. 


Table  A-6 


Effect  of  Temperature  on  Performance  of  2.87.  Pt  on  C-10%,  SiOp 


Operating 
Temperature,  °C 

Pt  Utilization,  ma/mg, 

(3  Limiting  Current^' 

150 

39 

175 

70 

190 

87 

(1)  Polarization  approximately  0.4  volts. 


An  activation  energy  of  about  8  kcal/mole  was  determined  for  four  series 
of  tests  in  this  temperature  range,  indicating  a  chemical  rate  limitation  of  some 
sort.  Thus,  the  preliminary  target  has  been  attained  by  operation  at  higher  tem¬ 
peratures.  However,  increased  stability  and  corrosion  problems  (as  well  as  water 
and  heat  balance  problems  not  yec  considered)  make  lower  temperature  operation  seem 
more  desirable. 


Part  f  -  Electron  Micrograph  Studies 


. 


In  order  to  obtain  some  insight  into  the  catalyst  microstructure,  elec¬ 
tron  micrographs  were  obtained  down  to  a  resolution  of  about  10  A  high- 

quality  micrograph  of  a  representative  Pt  on  carbon  catalyst  is  shown  in  Figure  A-5. 
These  studies  indicated  the  following: 

•  Adsorbed  Pt  on  carbon  catalysts  had  a  dispersion  of  fairly  uniform 
Pt  particles  in  the  50-100  A  range. 

•  Adsorbed  Pt  on  carbon  +  5-107.  Si02  catalysts  showed  g  greater  range 
of  catalyst  dispersion  with  Pt  particles  down  to  10  A;  there  was  con¬ 
siderable  non-uniformity,  which  was  further  increased  by  the  additional 
carbon  burnout. 

•  Before  the  reduction  and  activation  steps,  the  adsorbed  Pt  was  very 
highly  dispersed,  with  particles  not  visible  down  to  10  A.  Hence,  some 
particle  growth  or  sintering  is  occurring  during  the  reduction  and/or 
activation  steps. 

O 

•  Colloidal  Pt  on  C  and  Si02  catalysts  primarily  contained  100-300  A  Pt 
particles. 

While  the  benefit  of  the  silica  may  in  part  be  accounted  for  in  terms  of 
increased  dispersion,  this  is  clearly  not  the  entire  effect,  since  the  colloidal  Pt 
catalyst  (large  particles)  is  also  improved  by  Si02  addition.  Other  possible 
sources  of  benefit  from  silica  are: 

•  Increased  fuel  adsorption  or  diffusion. 

•  Wetting  or  wetproofing  effects. 

•  Shielding  of  Pt  from  deactivating  sites  on  the  carbon. 

•  Protective  effects  by  selective  adsorption  of  poisons  or  inhibitors. 

•  Separation  of  the  carbon  layers  to  increase  accessibility. 

•  Creation  of  sites  of  higher  activity. 

Further  work  with  the  silica-carbon  system  should  provide  clues  as  to  the 
true  role  of  the  silica  and  its  ultimate  potential  benefit. 

Part  g  -  Attempts  to  Improve  Stability  Using  Other  Noble  Metals 

Two  types  of  performance  stability  problems  were  encountered  during  elec¬ 
trode  evaluations.  In  order  to  describe  these  it  is  necessary  to  review  the  test¬ 
ing  procedure: 

Polarizations  were  obtained  at  constant  current  initially  with  butane, 
then  with  oxygen,  and  finally  again  with  butane.  After  determining  oxygen  perform¬ 
ance,  the  electrodes  were  generally  operated  at  100  ma/cm^  for  1/2  hour,  before 
switching  back  to  butane.  As  a  rule,  this  oxygen  treatment  resulted  in  improved 
butane  performance.  The  second  butane  run  was  made  at  a  series  of  fixed  current 
densities  for  a  period  of  fifteen  minutes  each,  and  was  terminated  when  rapid  over¬ 
polarization  was  observed.  Then  the  electrode  was  returned  to  the  open  circuit 
condition  and  longer  term  runs  were  made  at  selected  current  densities. 


^Courtesy  of  Philips  Electronic  Instruments  Company,  Mt.  Vernon,  New  York. 
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During  this  sequence  two  types  of  instability  were  noted,  a  reversible  or 
"short  term"  and  a  permanent  or  "long  term"  increase  in  polarization  with  time. 

(1)  "Short-term"  Stability 

In  the  limiting  current  region,  performance  was  only  maintained  for  a 
limited  time,  rapid  overpolarization  occurring  within  one  hour.  After  returning  to 
open  circuit,  however,  performance  could  generally  be  repeated,  with  a  slightly  im¬ 
proved  level  of  operation  following  the  first  cycle.  The  short-term  polarization 
may  be  accounted  for  by  a  slow  build-up  of  impurities  on  the  catalyst,  which  are 
removable  by  burnoff  during  overpolarization. 

With  the  better  catalyst-electrode  systems,  operation  at  about  half  the 
limiting  current  (20  ma/cm^)  was  maintained  for  six  to  eight  hours  with  no  over¬ 
polarization.  Polarization  slowly  increased  during  that  period  to  a  maximum  of 
about  0.4  volts  and  then  leveled  off.  A  performance  curve  for  a  3%  Pt  on  C-10% 

Si02  catalyst  is  shown  in  Figure  A-6. 

Figure  A-6 

Change  of  Polarization  with  Time  at  20  ma/cm^ 


Time,  hrs 


(2)  "Long-term"  Stability 

During  operation  a  gradual  deterioration  in  electrode  performance  occurred 
at  all  current  levels  even  when  approached  from  open  circuit.  Considerable  varia¬ 
tion  was  observed:  some  electrodes  had  reproducible  performance  for  several  days, 
others  already  showed  an  irreversible  decline  (instead  of  the  usual  improvement) 
after  the  oxygen  treatment. 

Based  on  previous  results,  it  was  anticipated  that  the  inclusion  of  Ir, 

Rh  or  Ru  as  co-catalysts  with  Pt  would  yield  improved  stability.  However,  the  in¬ 
clusion  of  these  metals  on  silica  treated  carbon  along  with  platinum  decreased  its 
activity,  as  shown  in  Table  A- 7. 


Table  A-7 


Effect  of  Co-catalyst  on  Butane 
Performance  of  3%  Pt  on  C-5%  SiO? 


Co-catalyst (1) 

Limiting  Current 

ma/cm^ 

Ru 

15 

Rh 

20 

Ir 

30 

-- 

40 

(1)  10  wt  %  co-catalyst  (based  on  Pt)  in  impregnating  solution. 

Total  noble  metal  content  estimated  to  be  1.0- 1.4  mg/cm2. 


The  poor  performance  of  the  Ru  and  Rh  systems  was  attributed  to  a  precipi¬ 
tation  of  Ru  and  Rh  compounds  from  the  impregnating  solution.  Precipitate  formation 
(detected  in  control  runs  without  carbon)  could  have  given  very  non-uniform  distri¬ 
bution  as  well  as  blocking  of  the  pores  of  the  support.  The  better  performance  of 
the  Ir  system  is  accordingly  attributed  to  its  slower  adsorption.  This  catalyst 
did  in  fact  show  improved  long-term  stability  over  Pt  alone.  Good  reproducibility 
was  obtained  over  a  week  of  intermittent  operation,  as  compared  with  two  to  three 
days  for  the  Pt  system.  However,  short-term  polarization  was  not  improved  and  the 
lower  Pt  utilization  was  a  detracting  feature.  Future  studies  will  attempt  to  op¬ 
timize  Ir  content  so  as  to  obtain  the  best  balance  of  effects. 

Part  h  -  Structural  Aspects 

A  confounding  feature  in  all  of  these  studies  has  been  the  role  of  the 
Teflon  in  electrode  performance.  Variations  have  been  encountered  in  performance 
not  only  from  differences  in  Teflon  content  but  also  variations  from  one  batch  of 
Teflon  emulsion  to  another,  as  shown  in  Table  A-8. 


Table  A- 8 


Effect  of  Teflon  on  Electrode  Performance 


Teflon 

Batch  No. 

%  Teflon 

Limiting  Current 
ma/ cm2 

1 

7.5 

30 

10 

45,45 

12.5 

35 

2 

10 

30,30 

Comparisons  of  catalysts  were,  therefore,  made  under  similar  Teflon  con¬ 
ditions  wherever  possible.  In  general,  best  results  were  obtained  when  the  Teflon 
emulsion  was  allowed  to  sit  undisturbed  in  a  separatory  funnel  for  at  least  several 
days  to  one  week  before  use,  and  the  bottoms  were  taken  for  electrode  preparation. 

The  Teflon  emulsion  represents  a  source  of  variability  which  has  not  as 
yet  been  satisfactorily  resolved.  It  is  planned  to  rectify  this  situation  in  future 
electrode  structure  work. 


In  summary,  limiting  currents  of  up  to  40  ma/mg  of  Pt  on  butane  at  150°C 
have  been  achieved  by  optimization  of  the  use  of  the  carbon-silica  support  system. 
Operation  at  higher  temperatures  yielded  specific  current  densities  of  over  80  ma/ 
mg.  Thus,  the  preliminary  targets  have  been  achieved.  The  studies  of  the  carbon 
surface  area  and  platinum  particle  size  have  indicated  avenues  along  wich  further 
strides  toward  the  ultimate  target  may  be  taken.  The  electrode  structure  and 
stability  problems  remain  to  be  solved  before  reliable  cells  can  be  built  using 
supported  platinum  catalysts. 


Phase  4  -  Liquid  Decane  Electrodes 

Liquid  decane  electrode  structure  research  has  been  curtailed  to  allow  for 
increased  emphasis  in  the  hydrocarbon  total  cell  area.  Consequently,  liquid  decane 
electrode  testing  has  been  keyed  directly  to  supporting  this  effort.  Primary  em¬ 
phasis  was  placed  upon  optimizing  the  50  mg/cm2  sintered  platinum  Teflon  emulsion 
electrode  structure  through  changes  in  fabrication  conditions  and  Teflon  content  and 
the  elimination  of  the  barrier  separation  problem  reported  previously  (6).  During 
the  course  of  this  study,  fuel  transport  rates  were  also  determined  with  a  view 
towards  total  cell  design.  In  addition,  some  electrode  materials  testing  work  was 
required  since  a  new  batch  of  catalyst  was  required  for  the  total  cell  electrodes, 
and  variability  was  observed  ir  the  Teflon  41BX  emulsion  obtained  from  DuPont. 

Part  a  -  Electrode  Fabrication  Modification 

Work  on  the  sintered  platinum-Teflon  electrodes  reported  previously  (6), 
indicated  that  an  increase  of  only  6°C  in  the  sintering  temperature  produced  a 
marked  improvement  in  liquid  decane  performance.  However,  a  complete  optimization 
of  the  fabrication  conditions  was  not  attempted  at  that  time,  because  the  sintering 
process  would  give  a  complex  pressure- tempera ture- t ime  response  surface  even  at  a 
single  Teflon  level.  Furthermore,  since  the  sintering  step  is  both  beneficial  to 
the  electrode  structure  and  detrimental  to  the  ca talyst,  there  should  be  a  number  of 


27 


1 


equivalent  pressure-temperature-time  combinations  with  the  same  electrical  perform¬ 
ance.  Fuel  transport  through  the  electrode  is  also  a  lingering  physical  problem. 

If  it  could  be  shown  that  fuel  transport  and  electrode  activity  are  independent  of 
each  other,  then  it  should  be  possible  to  choose  from  among  the  above  equivalent 
fabrication  conditions  the  one  that  gives  the  least  fuel  transport.  This  would 
lead  to  an  improvement  in  total  cell  efficiency  and  reduction  in  system  complexity. 

Consequently,  a  study  was  conducted  to  determine  the  effect  of  sintering 
conditions  on  electrode  performance  and  fuel  transport.  As  a  first  experiment,  a 
series  of  50  mg/cm^  sintered  platinum-Teflcn  emulsion  electrodes  was  prepared  using 
sintering  temperatures  which  ranged  from  326  to  359°C,  and  holding  the  fabrication 
pressure  and  sintering  time  constant  (1100  psi,  one  minute).  These  electrodes  were 
evaluated  as  decane  anodes  at  150°C  in  14.7  M  phosphoric  acid  using  the  standard 
half  cell  arrangement  previously  described  (6).  The  results  of  this  study  are 
summarized  in  Figure  A- 7  (and  Appendix  A-  5 )  which  compares  the  current  density  at 
0.45  volts  polarized  with  fuel  transport  rate  for  various  sintering  temperatures. 

As  anticipated  from  previous  work,  the  sintering  temperature  critically  determines 
the  catalyst  active  y,  a  maximum  being  obtained  at  349°C,  the  standard  sintering 
condition.  However,  the  fuel  transport  rate  did  not  vary  appreciably  with  either 
sintering  temperature  or  current  density  even  though  the  catalyst  utilization  showed 
a  sevenfold  variation.  This  is  quite  encouraging  since  it  indicates  that  anode  per¬ 
formance  is  independent  of  fuel  transport  rate.  However,  as  indicated  in  Table  A-9 
below,  reduction  in  Teflon  content  and  increased  sintering  pressure  and  time  so  far 
have  not  reduced  fuel  transport.  Alternate  routes  to  fuel  transport  reduction  will 
need  to  be  examined  in  the  future. 


Table  A-9 


Effect  of  Fabrication  Conditions 
on  Fuel  Transport  and  Electrode  Activity 


■  ■ 

Sintering  Conditions 

Fuel 

Transport, 
cm  cm  2/ 
min 

Current  Density 
at  0.45  volts 
Polarized, 
ma/ cmz 

Pressure, 

psi 

Temp, 

°C 

Time, 

min 

10%  T 

eflon 

1100 

316 

1 

0.027 

90 

1100 

349 

2 

0.028 

45 

8800 

349 

1 

0.026 

30 

15%  T 

eflon 

1100 

316 

2 

0.031 

200 

1100 

349 

1 

0.026 

200 

8800 

349 

2 

0.030 

80 
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Transport  Rate  Current  Density  ma/en/ 

cm2  -  min  x  103  at  0.45  volts  Polarized 


Table  A-9  also  serves  to  explore  briefly  the  effect  of  sintering  conditions 
on  platinum  activity.  This  data  demonstrates  the  complexity  of  the  sintering  func¬ 
tion  and  illustrates  the  trade  off  of  sintering  time  and  temperature.  Notice  that 
with  15%  Teflon,  electrodes  sintered  at  316°C  for  two  minutes  gave  the  same  activity 
as  those  prepared  at  the  standard  349°C  -  one  minute  condition  while  increasing  sin¬ 
tering  pressure  was  detrimental. 


Part  b  -  Materials  Testing 

Although  the  current  densities  indicated  in  Figure  A-7  were  higher  than 
those  obtained  with  the  earlier  standard  electrodes  this  level  could  not  be  main¬ 
tained  in  repeat  preparations  because  of  quality  problems  with  subsequent  samples  of 
Teflon  41  BX  emulsion  even  for  samples  of  the  same  lot  number.  At  the  same  time  two 
lots  of  Engelhard  platinum  black  catalyst  were  used,  but  the  activity  difference 
attributable  to  them  was  far  smaller  than  that  due  to  the  Teflon,  as  illustrated  in 
Table  A-10. 


Table  A-10 


Effect  of  Teflon  Emulsion 
History  on  Liquid  Decane  Performance 


Polarization  at 
Indicated  ma/cm^ 

Date  Received 

Catalyst  Lot  No. 

40 

100 

Teflon  Lot  No.  4002 
6/15 

10,004 

0.36 

0.40 

7/15 

10,004 

0.32 

0.50 

8/15  (Tested  11/15) 

11,909 

0.32 

0.48 

Teflon  Lot  No.  4655 
9/15  (Tested  11/15) 

10,004 

0.42 

0.60 

9/15  (Tested  11/15) 

11,909 

0.39 

0.57 

10/15  "  " 

11,909 

0.45 

0.65 

ll/24(Tested  11/24) 

11,909 

0.41 

0.56 

Electrodes  made  with  June  batch  of  4002  Teflon  gave  the  high  utilization, 
while  material  from  the  same  batch  obtained  in  July  and  August  were  inferior  giving 
only  the  standard  performance.  Lot  Number  4655,  on  the  other  hand,  gave  consistently 
poor  performance;  debits  of  80  to  170  mv  at  100  ma/cm^  were  observed.  Attempts  to 
improve  the  quality  of  the  emulsion  by  filtration  and  pH  adjustment  resulted  in  even 
poorer  performance  levels.  Additional  work  will  be  required  to  determine  the  source 
of  the  variability  in  electrodes  fabricated  with  different  batches  of  emulsion. 
Fortunately,  a  sufficient  amount  of  Lot  4002  (8/15)  was  available  to  allow  fabri¬ 
cation  of  the  required  4"  x  4"  electrodes  for  the  multicell  assembly. 

Part  c  -  Barrier  Separation  Problem 

Porous  Teflon  barriers,  placed  on  the  fuel  side,  have  been  found  to  be 
beneficial  for  liquid  decane  electrodes  (5) (6)  provided  intimate  contact  between 
the  barrier  and  the  electrode  is  maintained.  However,  during  extended  operation 
gas  buildup  can  force  the  63  mil  porous  Teflon  barrier  away  from  the  anode,  reduc¬ 
ing  electrode  efficiency  by  as  much  as  a  factor  of  two.  Mechanical  means  can  be 
used  to  minimize  this  problem  in  small  electrodes  but  these  are  not  too  Fffective 
in  the  larger  4"  x  4"  system.  The  only  solution  is  to  make  the  barrier  an  integral 
part  of  the  anode.  Efforts  to  do  this  with  the  thick  barrier  have  thus  far  been 
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unsuccessful  because  pressures  as  low  as  100  psi  result  in  altered  barrier  porosity. 
Exploratory  studies  with  the  thin  porous  Teflon  film  used  in  the  cathode  studies 
(reported  in  Task  E)  indicated  that  this  could  be  laminated  to  the  anode  without 
loss  in  performance.  The  results  of  one  such  test  are  summarized  in  Table  A-ll 
below.  This  electrode  was  prepared  by  removing  the  mold  release  agent  from  the 
screen  side  of  the  standard  sintered  platinum-Teflon  electrode  and  pressing  it  to 
a  3.5  mil,  10  micron  porous  Teflon  film  at  8000  psi.  As  indicated,  the  performance 
of  this  cold  laminated  electrode  was  somewhat  poorer  than  the  standard  electrode¬ 
barrier  system. 


Table  A-ll 


Comparison  of  the  Laminated  Barrier 
and  Standard  S.P.T.E.  -  Barrier  System 

(50  mg/cm^  -  14.7  M  Phosphoric  Acid,  150°C) 


Polarization  from 

Decane  Theory, 

at  1 

ndicated 

ma 

/cm^.  volts 

Electrode 

Barrier 

0 

10 

40 

100 

63  mil,  9  micron 

Standard 

Porous  Teflon 
Placed  on  Anode 

0.05 

0.28 

0.32 

0.48 

3.5  mil,  10 

Laminated 

micron  Porous 
Teflon  film,  cold 
Laminated  8000  psi 

0.07 

— 

0.27 

0.40 

0.55 

This  performance  debit  was  believed  to  be  due  to  the  excessive  pressure  required  to 
bond  the  film  to  the  supporting  screen.  To  correct  this  deficiency,  a  hot  lamin¬ 
ation  procedure  was  devised  which  would  allow  lower  lamination  pressure.  As  in  the 
previous  experiment,  a  standard  sintered  platinum  Teflon  electrode  was  used.  The 
mold  release  agent  was  removed  from  the  screen  side  of  the  anode  and  a  thin  porous 
Teflon  film  was  laminated  in  place  by  sintering  at  349°C  for  15  seconds  at  a  pres¬ 
sure  of  500  psig.  Care  was  taken  to  place  the  film  on  the  lower  platen  side  of  the 
sintering  press  to  minimize  catalyst  sintering.  A  comparison  of  the  performance  of 
this  electrode  with  the  standard  barrier  system  is  shown  in  Figure  A- 8  .  This  data 
indicates  that  the  laminated  barrier  electrode  is  equivalent  in  performance  to  the 
older  thick  barrier  system  even  when  run  with  an  additional  1/16"  porous  Teflon 
auxiliary  barrier.  This  latter  barrier  is  required  as  a  spacer  due  to  the  fact  that 
the  design  of  the  multicell  stack  was  based  upon  the  thick  barrier. 
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Figure  A- 8 

Effect  of  Laminated  Barrier  on  Decane  Performance 


In  short,  a  Teflon  barrier  has  been  made  a  integral  part  of  the  anode  with 
no  loss  in  performance.  The  barrier  separation  problem,  therefore,  should  no  longer 
exist.  These  electrodes  were  used  in  the  total  cell  work  reported  in  Task  B. 

Phase  5  -  Alloy  Catalysts 

The  program  to  replace  the  platinum  catalyst  with  alloys  of  less  noble 
metals  has  continued  with  emphasis  on  the  preparation  of  alloys  with  high  surface 
areas,  chosen  from  the  elements  in  the  first  long  period  and  in  Group  IB,  as  out¬ 
lined  in  the  previous  report. 

Alloys  prepared  by  a  chemical  coprecipitation  and  reduction  technique  had 
been  found  to  be  unsatisfactory.  In  extreme  cases,  the  starting  salts  were  not  re¬ 
duced  and  the  end  product  was  a  fused  mixture  of  the  starting  materials.  Attention 
was  then  turned  towards  the  Raney  technique.  This  procedure  is  well  known  for 
preparing  high  surface  area  metal  catalysts,  but  its  applicability  to  alloy  prepara¬ 
tion  had  not  been  established.  Work  was,  therefore,  done  to  determine  whether  the 
high  surface  area  metals  prepared  by  the  Raney  technique  were  actually  alloys,  and, 
if  not,  to  determine  how  alloys  could  be  prepared  by  this  technique. 
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Part  a  -  Initial  Alloy  Preparation  and  Characterization 


A  number  of  metal  alloys  of  the  first  row  of  transition  elements  with 
group  IB  metals  and  aluminum  were  prepared  by  melting  in  an  arc  furnace  under  helium. 
The  solidified  melt  was  milled  and  ground  into  a  fine  powder  and  extracted  with  3  M 
potassium  hydroxide  under  nitrogen.  The  resulting  compositions  including  60  atom  7 
Fe-AO  atom  %  Au,  AO  Fe-60Au,  50Ni-50Au,  50Fe-50Au,  50Ni-50Cu,  50Co-50Cu,  50Mo-50Cu 
and  50Fe-50Ag  were  characterized  by  powder  X-ray  analysis,  as  listed  in  Appendix  A-6. 
They  were  by  and  large,  mixtures  of  the  original  alloying  elements  and  not  alloys  in 
the  form  of  solid  solutions  or  intermetallic  compounds.  Some  of  the  end  products  of 
these  preparations  were  found  to  contain  aluminum,  and  the  iron  composition  also  con¬ 
tained  Fe304.  This  result  was  not  unexpected  because  none  of  the  phase  diagrams  of 
the  alloys,  except  that  of  Ni  and  Cu,  show  a  wide  range  of  solid  solutions  at  room 
temperature.  In  agreement  with  this,  the  50Ni-50Cu  composition  was  the  only  one 
found  lo  contain  a  large  percentage  of  Cu-Ni  alloy,  as  a  solid  solution.  Thus,  the 
aluminum  appears  to  be  too  poor  a  solvent  for  these  transition  metals  to  permit  alloy 
formation  by  the  arc  melting  technique,  unless  the  phase  diagram  of  the  transition 
metal  pair  shows  a  stable  alloy  phase  at  room  temperature  at  the  ratio  desired. 


None  of  the  poorly  defined  alloys  prepared  by  simply  melting  and  grinding 
was  found  to  have  any  activity  on  hydrocarbons.  The  nickel-containing  melts,  since 
they  contained  Raney  nickel,  of  course,  showed  activity  on  hydrogen,  as  documented 
in  Appendix  A- 7.  . 

Part  b  -  Raney  Alloy  Preparation 

with  Annealing  and  Quenching 

Most  of  the  binary  phase  diagrams  of  the  alloys  of  Group  IB  metals  and 
transition  elements  show  a  large  single  phase  area  somewhat  below  the  melting  point. 
Therefore,  annealing  the  crude  melt  obtained  from  the  arc  furnace  at  a  temperature 
in  the  single  phase  region  would  be  expected  to  result  in  a  homogeneous  alloy.  Then, 
a  rapid  quench  in  water  should  allow  the  alloy  to  return  to  room  temperature  without 
phase  separation,  in  the  form  of  a  meta-stable  solid  solution.  The  important  ques¬ 
tion  then  to  be  answered  was  whether  extraction  of  the  aluminum  would  leave  a  stable 
alloy  or  would  result  in  separation  into  the  thermodynamically  stable  two  phase 
mixture. 


In  answering  this  question,  special  attention  was  given  to  the  case  of 
Fe-Au  alloys,  because  in  1  to  1  atomic  ratio,  the  calculated  d-band  vacancy  based 
upon  the  band  theory  approached  that  of  platinum.  Furthermore,  the  lattice  para¬ 
meter  of  507  iron  in  gold  is  also  close  to  that  of  platinum.  In  the  absence  of 
Al-Au-Fe  ternary  phase  diagrams,  the  annealing  temperatures  were  chosen  from  the 
binary  phase  diagram.  Annealing  the  A0Au-60Fe  melt  at  1100°C  under  argon  followed 
by  quenching  in  cold  water  and  extraction  with  alkali  produced  a  dark  gray  end 
product  in  extremely  finely  divided  powder  form.  X-ray  analysis  indicated  that  it 
was  a  mixture  of  a  solid  solution  and  probably  an  intermetallic  compound.  This  was 
in  contrast  to  the  rust  colored  mixture  of  Au  and  Fe^O^  obtained  without  the  anneal¬ 
ing  and  quenching  steps. 

The  fact  that  true  alloys  may  be  formed  by  the  Raney  method  is  significant 
and  the  technique  developed  should  be  useful  in  the  future  for  the  preparation  of 
high  surface  area  alloys.  A  few  other  alloys  were  also  prepared  by  this  technique 
and  the  detailed  information  is  included  in  Appendix  A-6. 
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Part  c  -  Electrochemical  Activity  of  Alloys 

The  Raney  catalysts  all  gave  good  to  excellent  performance  initially.  In 
particular,  Raney  alloys  containing  nickel  invariably  gave  excellent  performance 
even  in  the  absence  of  a  fuel.  Under  potentiostatic  control,  this  current  would 
gradually  diminish  with  time.  This  behavior  was  attributed  to  interstitially  dis¬ 
solved  hydrogen.  Small  amounts  of  residual  aluminum  might  also  contribute  to  the 
temporary  activity.  Very  often,  the  initial  temporary  activity  faded  even  in  the 
presence  of  hydrogen  as  the  fuel.  Apparently,  the  interstitially  dissolved  hydro¬ 
gen  was  readily  available  for  electrochemical  reaction  yet  difficult  to  replace. 

The  reason  for  the  difficulty  to  replace  the  initial  hydrogen  has  not  been  investi¬ 
gated  yet.  Test  procedures  were  developed  in  such  a  manner  that  the  initial  tempor¬ 
ary  activity  would  not  be  mistaken  for  the  true  activity. 

All  the  alloy  catalysts  were  evaluated  potentiostatically  throughout. 
Initially,  they  were  run  on  N2  without  any  fuel  until  a  steady  current  density  was 
reached.  Butane  was  then  introduced  to  replace  nitrogen  while  the  electrode  polari¬ 
zation  was  held  constant  at  various  levels.  After  the  butane  test  was  completed, 
hydrogen  was  finally  introduced  to  the  electrode. 

With  the  exception  of  Ni  and  Ni  alloys  which  were  active  on  H2,  none  of 
the  alloys  tested  showed  any  significant  activity.  They  included  poorly  defined 
Raney  alloys,  annealed  and  quenched  Raney  alloys  and  commercial  alloys.  The  per¬ 
formances  of  Raney  gold,  and  annealed  Raney  40Au-60Fe  were  typical.  Raney  gold 
showed  no  activity  on  butane  and  only  insignificantly  small  activity  or  H2«  Alloy¬ 
ing  the  gold  with  iron  produced  no  significant  change. 


Table  A-12 


Typical  Results  with  Raney  Catalysts 
3  M  KOH,  808C 


Current  Density  at  0.57 

Volts  Polarization  from  H2 
with  Indicated  Fuel  (ma/cm^) 

N? 

CaHio 

H? 

Raney  Gold 

0.4 

0.5 

6.0 

Raney  Annealed 

1.0 

0.9 

2.0 

40Au-60Fe 

Thus,  the  non-noble  alloy  program  has  reached  the  point  where  a  very 
promising  method  for  high  surface  area  preparations  is  available,  but  no  hydro¬ 
carbon  activity  has  yet  been  detected.  The  technique  will  have  to  be  applied  to 
Group  IV,  V,  and  VI  metal  alloys  before  a  decision  on  its  ultimate  promise  may  be 
made. 
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Phase  6  -  Mixed  Perovskites 


Part  a  -  Background  and  Introduction 

Earlier  reports  of  this  series  (6) (7)  have  described  the  properties  of  a 
number  of  mixed  perovskites  of  the  general  formula  A  By  B"(i-x)()3«  A  is  a  cation 
of  large  diameter  (Cs,  Ca,  Sr,  Ba  or  lanthanide  element)  included  to  obtain  the 
proper  lattice  spacing.  B'  is  the  catalytic  element,  e.g.  Ni,  Co  etc.,  and  B"  is 
an  element  selected  from  Groups  IV-VI  of  the  Periodic  Table  to  provide  acid  resist¬ 
ance.  A  wide  range  of  elements  have  been  used  in  these  positions  (see  Table  A-13). 


Table  A-13 


Elements  Used  in  Perovskite  Studies 


Group  in 
Periodic  System 

Ionic  Position 
in  Perovskite 

A 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

Li,  Cs 

Ca,  Sr,  Ba 

La,  Ce, 

Pb 

Bi 

B' 

Ag,  Cu 

Pr,  T1 

Cr 

Mn 

Fe,  Co, 

B" 

Ti,  Zr, 

V,  Nb, 

Mo,  W 

Ni,  Ru, 
Rh,  Ir, 
Pt 

Sn,  Hf 

Sb,  Ta 

Many  of  the  earlier  compositions,  especially  those  containing  tantalum 
with  a  full  complement  of  lattice  oxygen  (stoichiometric  perovskites),  showed  ex¬ 
cellent  resistance  to  acid.  However,  these  stoichiometric  materials  generally  had 
poor  electrical  conductivities.  Introduction  of  lattice  oxygen  deficiencies,  both 
with  and  without  doping,  greatly  increased  electrical  conductivity  but  lowered  acid 
resistance  to  intolerable  levels.  Furthermore,  it  was  showr  that  the  relatively 
high  electrical  conductivities  resulting  from  oxygen  deficiencies  were,  in  most 
cases,  lost  quite  rapidly  on  contact  with  acid.  In  fact,  loss  of  conductivity  al¬ 
ways  proceeded  more  rapidly  than  dissolution  of  the  catalytic  metal  from  the  solid 
perovskite  by  the  acid. 

It  was  demonstrated  that  the  conductivities  of  nickel-containing  perov¬ 
skites  having  oxygen  vacancies  could  be  increased  by  changing  the  firing  atmosphere 
from  nitrogen  to  air.  Also,  inclusion  of  a  small  amount  of  cesium  or  lithium  im¬ 
proved  conductivity,  especially  in  the  presence  of  air.  The  similarity  of  these  re¬ 
sults  to  those  observed  with  the  simpler  compound  nickel  oxide  (10) (11)  suggests  a 
similar  basis  for  the  observed  semi-conducting  properties.  By  analogy  with  lithiated 
nickel  oxide,  the  conductivity  of  the  non-stoichiomctric  perovskites  may  be  assumed 
to  arise  from  the  oxidation  of  a  portion  of  the  catalytic  metal,  Ni,  Co,  etc,  to 
a  higher- than-normal  valence  state,  e.g.  Ni***,  Co***  etc.  Electrical  semi-conduc¬ 
tivity  results  from  electron  (or  hole)  exchange  between  these  higher-valence-state 
atoms  and  the  more  numerous  ones  in  the  normal  valence  state.  These  effects  are 
not  observed  in  the  stoichiometric  perovskites  since  (1)  the  ideal  stoichiometry  of 


i  m- ;  w. 


these  limits  the  degree  of  oxidation  of  the  conductivity-producing  ion  and  (2)  the 
completely  filled  lattice  lowers  the  mobility  of  the  charge  carriers. 

This  picture  offers  a  plausible  explanation  of  the  rapid  loss  in  conduc¬ 
tivity  with  corrosion.  The  higher  valence  states  of  most  of  the  transition  ele¬ 
ments  considered  here  as  potential  catalysts  are  quite  unstable  in  solution,  the 
oxidized  ions  reacting  rapidly  with  water  to  form  oxygen.  For  these  reasons,  one 
would  expect  the  higher-valence  ions  to  react  more  readily  with  acid  than  those  in 
the  normal  valence  state.  This  would  cause  destruction  of  the  charge  carriers  very 
early  in  the  process  of  dissolution  of  the  catalytic  metal  by  acid  and  appears  to 
explain  very  well  the  observed  facts. 

Two  other  observations  support  this  general  picture.  In  similar  composi¬ 
tions,  cobalt  always  gives  higher  conductivities  than  does  nickel.  This  is  attri¬ 
buted  to  the  well  established  greater  ease  of  oxidizing  cobalt  to  higher  valence 
states.  Also,  when  non-stoichiometric  perovskites  in  the  more  highly  conducting 
range  are  treated  with  acid,  visible  gas  evolution  occurs.  Presumably,  this  gas  is 
oxygen,  since  iodine  is  liberated  if  acidic  potassium  iodide  is  used  as  corroding 
medium. 

In  order  to  obtain  perovskites  having  conductivities  which  are  stable  to 
acids,  it  is  obviously  desirable  to  include — either  as  primary  constituents  or  as 
doping  agents — metals  having  higher  valence  states  which  are  relatively  stable 
toward  acids.  It  was  felt  that  manganese  and  chromium  are  most  promising  in  this 
respect.  For  this  reason,  a  portion  of  our  work  during  this  period  was  concerned 
with  the  study  of  perovskites  doped  with  these  metals  in  oxidized  states  (referred 
to  generally  as  "oxidized  state"  compounds). 

Another  portion  of  the  perovskite  work  during  this  period  was  concerned 
with  a  somewhat  different  approach,  viz.  an  attempt  to  obtain  high  electrical  con¬ 
ductivities  by  employing  the  "B"  ion  constituent,  molybdenum,  in  mixed  valence 
states.  Two  combinations,  Mo^-Mo^I  and  Mo^-Mo^,  are  possible  and  both  have  been 
studied.  These  are  referred  to  as  "reduced  state"  compounds,  since  oxidation  must 
be  rigidly  excluded  during  firing. 


Part  b  -  Perovskites  of  High 


Valence  Manganese  and  Chromium 


For  the  reasons  explained  in  Part  a,  stoichiometric  perovskites  were 
prepared  containing  manganese  or  chromium  at  a  nominal  valence  of  four,  to  provide 
conductivity  without  the  lattice  deficiencies  that  would  lead  to  acid  instability. 
In  agreement  with  the  theory,  the  manganese  and  chromium  did  effectively  raise  the 
conductivities  of  perovskites  containing  nickel,  cobalt,  iron  and  copper.  Examples 
are  given  in  Table  A-14,  taken  from  the  complete  results  given  in  Appendix  A-  8  . 


36 


Table  A- 14 


- 


4 


Improvement  in  Conductivity  of 
Perovskites  Containing  Manganese  and  Chromium 


Nominal  Formula 

Conductivity,  mho/cm 

-10 

SrCo  „_Ta  ,_0o 

*  j  j  •  0  /  j 

2.6  x  10 

-6 

SrCo  ~cTa  roMn  , .CL  . 

1.1  x  10 

.35  .50  .15  2.9 

-6 

SrCo  „_Ta  rrtMn  „P0„ 

4.2  x  10 

.25  .50  .25  3 

SrCo  ocTa  _rtMn  ,.0„  .. 

4.3  x  10"5 

.25  .30  .45  2.9 

.  -16 

SrCo  .Mo  _0„ 

1.2  x  10 

.5  .53 

-5 

SrCo  _Mo  _Cr  .0o 
.3  .3  .43 

6.0  x  10 

-9 

SrNi  00Ta  „0, 

7.1  x  10 

.33  .67  3 

-5 

SrN1.35la.30Mn.35°2.8 

2.7  x  10 

As  shown  in  the  above  table  additional  doses  of  manganese  produce  little 
improvement  over  the  initial  benefit.  The  results  with  the  nickel -tantalum  com¬ 
bination  were  particularly  gratifying  since  that  one  could  not  be  rendered  conduc¬ 
tive  via  the  oxygen  deficiency  route. 

Conductivity  appeared  to  improve  slightly  as  the  firing  temperature  was 
raised,  up  to  an  optimum  point.  Higher  temperatures  also  caused  a  shrinkage  of  the 
cubic  lattice  spacing  (see  Table  A-15  for  one  example).  This  result  is  logical  since 
a  decreased  interatomic  distance  should  promote  greater  orbital  overlap  and  easier 
electron  transfer  between  B  atoms  capable  of  changing  valence. 


Table  A-15 

Change  of  Conductivity  and 
Lattice  Spacing  with  Firing  Temperature 

SrNi0. 35Ta0. 3Mn0. 35°2. 8 


Firing 

Temp, 

°C 

Conductivity 
mho/ cm 

X-*ay  Seeing. 

1205 

7.0  x  10’6 

7.953 

1480 

2.7  x  IQ'5 

7.817 

(1)  Average  value  from  several  peaks  of  disordered 
cubic  perovskite  powder  pattern. 
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Attempts  were  made  to  improve  the  conductivity  further  by  incorporating 
rare  earth  elements  into  the  A  position  of  the  lattice  at  along  with  manganese  in 
the  B  position.  Rare  earths  such  as  lanthanium,  cerium  and  praseodymium  had  earlier 
improved  perovskite  conductivity,  but  none  of  these  benefitted  the  present  manganese 
containing  compositions.  Thus,  the  best  conductivity  that  could  be  reached  was  of 
the  order  of  10"4  to  10"5  mhos/cm--at  or  just  under  the  conductivity  target  set  for 
electrode  use  with  an  auxiliary  conductor. 

Perovskites  made  conductive  with  manganese  or  chromium  had  better  acid 
stability  than  those  of  the  same  initial  conductivity  generated  by  oxygen  deficien¬ 
cies.  The  former  were  greatly  superior  with  regard  to  the  retention  of  conductivity 
after  exposure  to  acid.  In  addition,  they  generally  showed  greater  resistance 
toward  extraction  of  the  catalytic  metal.  The  chromium  compounds  were  not  as  good 
as  the  manganese.  See  Table  A-16. 


Table  A-16 

Acid  Stability  of  Oxygen 
Deficient  and  Mn  and  Cr  Doped  Perovskites 


Nominal  Formula 

Log  Initial 
Resistivity, 
mhos /cm 

Acid  Stability^ 

Hrs 

Tested 

7.  Metal 
Lost 

Log  Final 
Resistivity 

SrC°.67Mo.33°2.66 

4 

8 

77 

10 

SrCo.25Cr.45Ta.30°2.9 

5 

24 

10 

6 

SrNi.25Mn.35Taf30O2>9 

4 

24 

7 

5 

(1)  3.7  M  sulfuric  acid,  86°C. 


The  greater  acid  stability  is  undoubtedly  a  consequence  of  the  greater 
thermodynamic  stability  of  the  higher  valence  states  of  manganese  and  chromium,  versus 
nickel  and  cobalt,  as  explained  in  Part  a.  In  some  cases,  such  as  strontium  cobalt- 
molybdate,  the  conductive  manganese  doped  compound  lost  less  cobalt  in  acid  than  the 
poorly  conducting  stoichiometric  perovskite. 

Several  of  the  Mn-doped  compositions  containing  Co,  Ni  and  Fe  were  tested 
as  both  anode  and  cathode  catalysts.  Electrodes  were  prepared  from  tantalum  powder, 
Teflon  and  the  solids  recovered  from  the  acid  stability  tests.  Tantalum  screens 
were  used  as  current  collectors.  This  type  of  electrode  was  developed  for  testing 
for  trace  catalytic  activities.  For  this  purpose,  it  is  free  of  many  complications 
previously  encountered  with  electrodes  formed  on  platinum  screens  from  carbon-cata¬ 
lyst  mixtures. 

These  tests  included  hydrogen,  ethylene  and  oxygen  as  reactants  with  3.7  M 
H2SO4  at  100  C  and  with  857.  H3PO4  at  150°C.  In  no  instance  was  any  significant 
degree  of  catalytic  activity  found. 
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Thus,  oxidized  Mn-  and  Cr-doped  mixed  perovskites  show  the  best  balance 
between  electrical  conductivity  and  acid  stability  properties  of  any  group  of  high 
valence  oxide  compounds  studied  to  date.  They  are  still  marginal  in  both  these 
properties,  however.  Furthermore,  they  show  no  catalytic  activity  in  either  cathode 
or  anode  reactions.  No  further  work  on  "oxidized  state"  perovskites  as  electro¬ 
catalysts  is  planned. 

Part  c  -  Reduced  State  Perovskites 


Since  mixed  valence  perovskites  containing  metals  in  a  higher  than  normal 
valence  state  showed  good  properties  but  lacked  catalytic  activity,  it  was  decided 
to  investigate  perovskites  containing  metals  in  a  lower  than  normal  valence  state. 
Molybdenum  was  chosen  as  the  B  element  because  it  is  reducible  from  its  normal 
hexavalent  state  to  lower  valences,  because  its  reduced  oxide,  Mo02>  is  highly  con¬ 
ductive,  and  because  cobalt  and  other  molybdates  are  known  industrial  hydrogenation 
catalysts. 


All  the  formulations  were  stoichiometric  strontium-cobalt-molybdenum  com¬ 
positions  containing  three  atoms  of  oxygen  per  atom  of  strontium,  and  one  atom  of 
combined  cobalt  plus  molybdenum.  The  molybdenum  was  forced  into  a  lower  valence 
state,  nominally  five,  by  decreasing  the  ratio  of  cobalt  to  molybdenum.  To  prevent 
re-oxidation  of  the  molybdenum  the  firings  had  to  be  done  under  nitrogen  freed  of 
water  vapor  and  oxygen. 

Unfortunately,  the  conductivities  of  the  reduced  valence  molybdenum  com¬ 
pounds,  while  better  than  the  hexavalent  molybdenum,  never  came  close  to  the  target 
value  of  10“ 4  mhos/cm.  See  Table  A-17  ,  taken  from  the  detailed  data  in  Appendix  A-9. 


Table  A-17 


Conductivities  of  Reduced  Molybdenum  Perovskites 
Nominal  Formula:  SrCoxMOj_xC>3 


Atom  Ratio 

7o  Reduced 

Conductivity 

Cobalt,  X 

Mo 

mhos/ cm 

0.5 

0 

2.2  x  10~9 

0.417 

57.2 

2.9  x  10-7 

0.375 

80 

6.3  x  10~6 

Forcing  the  molybdenum  valence  further  down  to  the  IV  to  V,  rather  than 
the  V  to  VI  range,  did  not  improve  the  conductivity  further.  It  was  interesting 
that  the  final  products  were  very  similar  whether  the  initial  reactants  contained 
metallic  molybdenum  or  M0O2.  The  starting  materials  had  vastly  different  conduc¬ 
tivities  but  the  final  products  were  nearly  the  same  (Table  A-18). 
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Table  A-18 


Effect  of  Raw  Materials  on  Mo  Perovsklte  Conductivity 


Nominal  Formula  SrCog. 32^00. 68®3 


Starting  Mo 

Log  Resistivity,  ohm  cm,  After 
Indicated  Hrs  Firing  Time 

Compound 

0 

3.8 

21 

Mo  Metal 

9 

5 

8 

M0O2 

0 

8 

9 

The  X-ray  spectra  of  all  the  compositions  showed  well  developed  perov- 
skite  structures  of  the  ordered  cubic  type  at  all  stages  of  firing.  The  lattice 
parameter  was  always  7.901  A+  .005  (standard  deviation),  independent  of  the  valence 
state  of  the  molybdenum.  The  ordering,  detected  by  additional  lines  in  the  cubic 
X-ray  spectrum,  indicates  that  the  cobalt  was  incorporated  firmly  in  the  perovskite 
lattice. 


The  failure  of  the  reduced  molybdenum  to  achieve  high  conductivites  pre¬ 
vented  their  meaningful  testing  as  electrochemical  catalysts.  Their  poor  conduc¬ 
tance  must  be  attributed  to  insufficient  overlap  of  the  conductance  orbitals  of  the 
molybdenum.  Reduced  tungsten  and  vanadium  oxides  (bronzes),  on  the  other  hand,  have 
high,  even  metallic  conductivity.  Molybdenum  bronzes  are  much  more  difficult  to 
form.  Attention  therefore  was  focused  on  the  tungsten  bronzes  rather  than  the  re¬ 
duced  molybdenum  perovskites. 

Phase  7  -  Oxide  Bronzes 

Part  a  -  Introduction  and  Background 

The  oxide  bronzes  (not  to  be  confused  with  metallic  bronze  alloys)  are 
closely  related  structure-wise  to  the  perovskites  (12).  The  best  known  compounds 
of  this  type  are  based  on  tungsten  and  have  the  general  formula  AXW03  (where  A  = 

Na,  Li,  K,  Cu(I),  Ag  and  Pb;and  x  <1.0).  The  electrical  properties  of  those  con¬ 
taining  alkali  metals  have  been  studied  in  detail (12) (13).  Over  wide  compositional 
ranges,  many  of  these  materials  are  relatively  good  conductors  of  the  metallic 
type.  The  conductivity  is  generated  by  the  addition  of  electrons  from  the  A  metal 
into  the  empty  conduction  band  of  the  "electron-less  metal",  WO3.  The  tungsten  is 
partially  reduced  to  a  valence  state  between  five  and  six  in  the  process.  Tungsten 
bronzes  also  show  exceptionally  good  resistance  to  attack  by  chemical  reagents, 
especially  acids.  In  fact,  alkali  metal  ions  in  the  A-position  are  highly  inert 
to  even  the  most  corrosive  acids  such  as  HF. 

It  was  not  felt  that  the  bronzes  in  the  forms  described  in  the  literature 
would  be  very  effective  electrocatalysts.  However,  there  is  an  important  question 
in  this  connection  which  is  not  answered  by  the  literature:  can  potentially  cata¬ 
lytic  metals  such  as  Co  or  Ni  be  included  in  the  bronze  lattice  by  partial  replace¬ 
ment  of  the  tungsten  according  to  the  valence  compensation  principles  used  in  the 
preparation  of  mixed  perovskites? 

It  was  hoped  that  a  substitution  of  this  type  could  be  made  without  a 
great  sacrifice  in  electrical  conductivity.  Also,  it  remained  to  be  seen  whether  or 
not  such  "modified"  bronzes  could  retain  the  catalytic  metals  in  acids  as  well  a s 
the  perovskites  do. 
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The  possibility  of  preparing  "modified"  bronzes  of  this  type  has  been 
studied  during  the  latter  part  of  this  period.  Results  reported  here  are  prelimin¬ 
ary  in  nature,  since  the  program  is  still  in  progress. 

Part  b  -  Preparation  of  Bronzes 

A  study  of  the  stoichiometry  of  such  "modified"  bronzes,  using  valence 
compensation  principles,  shows  that  allowable  catalytic  metal  (Ni,  Co)  contents  in¬ 
crease  as  the  A-ion  content  increases.  Maximum  nickel  contents  would  be  desirable 
for  catalysis,  but  increasing  the  nickel  content  reduces  the  amount  of  pentavalent 
tungsten,  which  provides  the  conductivity.  The  nickel  content  must,  therefore,  be 
kept  below  the  value  which  reduces  the  tungsten  V  content  to  zero.  The  higher  the 
A  ion  content  the  higher  the  tungsten  V  content  and  the  higher  the  allowable  nickel 
content.  Table  A-19  lists  maximum  and  mid-range  (W^/Ni  =  1/1)  nickel  contents,  as 
dictated  by  valence  compensation,  for  a  range  of  mono-  and  di-valent  metal  contents 
in  the  A-position. 


Table  A-19 


Nickel  Content  Allowed  By  Valence 
Compensation  in  Tungsten  Bronzes 


A  ion 
Valence 

Atom 

Ratio  A 

Atom 

Ratio  Ni 

Ni/Wv  =  1 

Max  Ni  (WV  =  0) 

1 

0.35 

0.07 

0.0875 

1 

0.8 

0.16 

0.20 

2 

0.35 

0.14 

0.175 

2 

0.8 

0.32 

0.40 

Compositions  chosen  for  initial  study  included: 

(1)  Simple  bronzes,  without  catalytic  metals,  having  a  range  of  A-ion 
tents,  both  monovalent  (Na)  and  divalent  (Pb). 

(2)  Nickel  "modified"  compositions  in  the  mid-range  vicinity  at  two  levels 
of  A-ion  contents  (Aq.35  and  Aq.so)  for  both  monovalent  and  divalent 
A-ions.  These  mid-range  compositions  included  Mo^/Ni  ratios  of  0.5/1, 
1/1  and  2/1.  A  priori  thinking  on  this  problem  pictured  Mov  ions  as 

a  source  of  conducting  electrons  and  Ni  ions  as  a  trap  for  them. 

Hence,  the  preliminary  thinking  attached  some  importance  to  these 
ratios. 

Compositions  studied  so  far  in  this  program  are  listed  in  Appendix  A-10 
along  with  pertinent  physical  properties. 

All  firing  compositions  were  compounded  from  dried  starting  materials, 
pilled,  and  the  pills  oven-dried  in  air  at  240°F.  The  pills  were  wrapped  in  platinum 
foil  and  fired  either  under  vacuum  or  in  evacuated  fused  silica  tubes.  Both  tungsten 
metal  and  tungsten  dioxide  were  used,  together  with  tungstates  or  tungsten  trioxide, 
to  obtain  the  lower  valence  states. 
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Part  c  -  Conductivities  of  the  Bronzes 


The  simple  sodium  bronzes  were  obtained  in  very  pure  form  and  showed 
conductivites  and  clear  X-ray  spectra  in  close  agreement  with  literature  values 
regardless  of  firing  technique  or  starting  materials  (see  Table  A-20)*  The  conduc¬ 
tivities  were  about  10^  times  better  than  the  manganese  or  chromium  doped  perov- 
skites  discussed  in  the  previous  phase. 


Table  A-20 


Properties  of  Sodium  Bronzes.  NavWCh 


Value 

of  X 

Source 
of  W 

Firing 

Condition 

Conductance, 
mhos/ cm 

X-Ray  o 
Spacing.  A 

0.35 

wo2 

Sealed  Tube 

1.23 

3.810 

0.32 

- —  Literature (14) - 

— 

3.813 

0.80 

W 

Sealed  Tube 

11.8 

3.852 

0.80 

W 

Vac. Pump 

6.07 

3.852 

0.80 

W02 

Sealed  Tube 

3.36 

3.852 

0.78 

— —  Lite 

rature (14)---- 

8.13 

3.836 

The  simple  lead  bronzes  were  much  lower  in  purity  and  contained  appreciable 
amounts  of  lead  tungstate.  The  conductivity  decreased  with  increasing  lead  content 
(Table  A-21),  whereas  the  sodium  bronzes  showed  an  opposite  trend. 


Table  A-21 

Properties  of  Lead  Bronzes.  PbvWCh 


Value 

of  X 

Conductance, 
mhos/ cm 

X-Ray  Spectrum 

0.2 

23.1 

)  PbW04  plus 

0.35 

6.09 

f  two  bronze 

\  phases: 

0.45 

1,65 

a  =  3.86  A  and 

o.sod) 

1.77 

^  a  =  3.78  A 

lV-V 

(1)  Composition  in  the  W  range,  i.e.  outside  the  usual 

wv-wvi  range  for  bronzes.  Comparison  of  X-ray  spectra  before 
and  after  acid  treatment  indicates  presence  of  still  other 
acid-stable  phases  of  a  non-perovskite  nature. 


The  compositions  containing  added  metals,  e.g.  nickel,  were  fired  at  the 
same  conditions  as  the  simple  bronzes.  Hence,  the  conditions  used  for  the  "modified" 
mixtures  may  not  be  optimun. 
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In  both  the  sodium  and  lead  series,  conductivities  of  the  fired  materials 
decreased  rapidly  with  increasing  A-ion  content  (See  Table  A-22).  X-ray  data  showed 
impurity  phases  of  a  non-bronze  nature  to  be  present  in  all  these  materials.  All 
members  of  the  Nag, 35  and  Pbg.35  series  showed  strong  maxima  characteristic  of  bronze 
structures,  those  for  the  former  being  more  distinct.  In  fact,  the  spectra  of  both 
series  gave  strong  indications  of  two  different  bronze  structures,  but  the  products 
were  too  impure  to  allow  quantitative  characterizations  of  these  phases.  Products 
of  the  Nag  gg  series  were  even  more  impure,  although  the  X-ray  spectra  did  indicate 
the  presence  of  bronze  phases. 


Table  A-22 

Conductivities  of  "Modified"  Bronze  Compositions 


Conductivity 

Series 

Range,  mhos /cm 

X-Rav  Spectra 

Na0.35 

5. 2-7.9  x  10“2 

Impure  but  well-developed 
bronze  structures  present 

Na0. 80 

2.4-42  x  10"' 

Very  impure;  bronze  struc¬ 
ture  indicated  present 

Pb0. 20 
Pb0. 35 

0.508 

0.11-1.5  x  10“4(1) 

PbWO^  present;  two  bronze 
structures  present 

Pb0.50 

2.1  x  10"2 

-- 

I  Pb0.80 

2. 1-5. 5  x  10~10 

-  - 

(1)  For  four  composition  containing  nickel.  Compositions  contain¬ 
ing  Co,  Fe*  ,  Mn  and  Cr  are  all  in  the  0.37-0.78  range  with 
Fe*^,  and  Cu**  definitely  lower,  5.0  x  10“2  and  8.0  x  10-5, 
respectively. 


Unfortunately,  neither  the  X-ray  data  nor  the  conductivity  data  provide  a 
definite  answer  to  the  general  question  of  the  state  of  combination  of  the  added 
metal  ions  in  these  materials.  Preparation  of  purer  bronze  phases,  either  by  use 
of  improved  firing  conditions  or  by  treatment  of  the  products  with  selective  chemi¬ 
cal  agents  to  dissolve  impurity  phases,  is  necessary  to  answer  this  question. 

Part  d  -  Acid  Stability  of  the  Bronzes 

The  acid  stability  data,  especially  for  the  Nag. 35  series,  provide  some 
basis  for  believing  that  nickel  may  indeed  be  tied  up  in  some  very  acid-stable 
phase  such  as  a  bronze.  The  acid  stability  tests  (3.7  M  H2SO4  at  86°C)  were  run  in 
two  steps: 

(1)  An  initial  step  of  24  hours  duration.  It  was  felt  that  most  nickel 
compounds  of  simple  structure,  e.g.  binary  oxides,  salts,  etc,  would 
be  completely  decomposed  by  the  acid  during  this  period.  On  this 
basis,  the  undissolved  nickel  is  that  tied  up  in  more  stable  com¬ 
plex  structures,  such  as  perovskites  and  bronzes. 
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(2)  A  second  step  of  72  hours.  Nickel  dissolved  during  this  step  is 
presumed  to  represent  the  corrosion  rate  of  the  more  acid-stable 
phases  present. 

Many  compositions  in  the  Nao.35»  Nao.80>  ant^  ^0.35  series  showed  good  re¬ 
tention  of  nickel  during  the  first  step  of  the  corrosion  test.  Those  of  the  Pb0.80 
series  were  definitely  poorer  in  this  respect.  However,  losses  of  metal  during  the 
second  step,  by  even  those  materials  showing  the  greatest  stability  in  the  first 
step  are  relatively  high,  when  compared  to  the  stoichiometric  perovskites.  Typical 
data  are  given  in  Table  A-23. 


Table  A €3 


Acid  Stabilities  of  "Modified"  Tungsten  Bronze  Compositions 

AxNiyW1_y03 


Nominal  Composition 

Cumulative  70  Nickel  Extracted 

Ni:  v 

Step  l(l) 

Step  2(2) 

Na-0.35 

0.058 

1.4 

57.7 

Na-0.35 

0.078 

3.6 

46.4 

Na-0.80 

0.16 

13.0<3> 

33.2<A> 

Pb-0.35 

0.14 

13.0 

69.1 

Pb-0.35 

0.17 

3.1 

36.6 

Pb-0.80 

0.16 

38.8 

57.0 

(1)  24-25.5  hours  at  86°C  unless  otherwise  specified. 

(2)  72  hours  at  86°C  unless  otherwise  specified. 

(3)  66.1  hours. 

(4)  114  hours. 


Part  e  -  Electrochemical  Activity 

A  number  of  these  "modified"  materials  (in  the  "as  fired"  state)  in  the 
higher  range  of  conductivities  were  ground  (agate  mortar),  mixed  with  Teflon,  and 
formed  into  electrodes  on  tantalum  screens.  Limiting  currents  measured  in  both 
anode  (H2  and  C2H4)  and  cathode  (O2)  tests  were  not  significantly  better  than  those 
(<  0.02  ma/cm^)  found  for  blank  electrodes  (tantalum  powder-Teflon  on  tantalum 
screen)  under  the  same  test  conditions.  Data  are  given  in  Table  A-24. 
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Table  A-24 


Electrochemical  Tests  on 
"Modified"  Bronze  Compositions.  A , 3 sNiyWCh 


Composition 

Limiting 

Current  (ma/cm^ 

Value 

_ H? _ 

C?Ha 

02 

A  ion 

of  v 

100°CU) 

150°C^> 

100°CU) 

ioo°cd) 

Na 

0.06 

<0.06 

<0.06 

<0.02 

<0.02 

Na 

0.07 

0.06 

<  0.02 

0.06 

-- 

Na 

0.08 

0.06 

<  0.06 

0.1 

<0.02 

Pb 

0.12 

<0.06 

<  0.02 

<0.02 

<0.02 

Pb 

0.14 

<0.02 

-- 

<0.02 

<0.02 

Pb 

0.16 

<0.02 

-- 

<0.02 

<  0.02 

(1)  With  3.7  M  H2S04. 

(2)  With  14.7  M  H3PO4. 


In  summary,  conductive  tungsten  bronzes  containing  prospective  catalytic 
metals  have  been  made.  In  certain  composition  ranges  the  materials  conduct  well 
enough  to  be  used  with  or  without  an  auxiliary  current  collecting  powder.  The  acid 
stability  data  confirms  the  incorporation  of  the  catalytic  metals  into  a  stable 
lattice.  However,  the  compounds  so  far  are  too  impure  for  us  to  determine  how 
firmly  the  metals  are  held.  So  far  the  nickel  containing  products  are  electro- 
chemically  inactive.  Other  metals  need  to  be  examined.  Even  though  the  oxide  bronzes 
are  metallic  conductors  the  added  metal  is  present  as  an  ion,  rather  than  in  the 
zero  valent  form  which  is  used  in  conventional  catalysis.  It  would  be  reasonable 
therefore,  to  choose  ions  such  as  Ag+,  Cu+,  Tl+^  whose  outer  electronic  structure 
corresponds  to  Ni°. 

Phase  8  -  Eta  Phase  Carbides 

Certain  carbides  of  the  transition  elements  appear  worthy  of  investigation 
as  fuel  cell  catalysts  because  they  are  reported  to  combine  corrosion  resistance  with 
high  electrical  conductivity.  Transition  metal  carbides,  sometimes  called  "hard 
metals",  find  wide  use  in  special  steels  and  are  of  considerable  technological  im¬ 
portance  in  that  industry.  Because  of  their  importance  simple  (single  metal)  car¬ 
bides  are  commercially  available.  For  this  reason  this  class  of  carbides  was  the 
first  investigated  here  for  use  as  fuel  cell  catalysts. 

Unfortunately,  it  was  found  that  the  simple  transition  metal  carbides  do 
not  show  catalytic  activity  on  either  hydrogen  or  oxygen  in  either  sulfuric  acid 
or  potassium  hydroxide.  Neither  the  pure  carbides  nor  their  solid  solutions  were 
active  as  electrodes.  The  electrodes  tested  were  fabricated  into  high  surface  area 
structures  with  Teflon  and  ammonium  carbonate  as  has  been  described  in  previous 
reports.  The  test  results  reported  in  Appendix  A-l  1  were  obtained  in  30%  sulfuric 
acid  and  30%  potassium  hydroxide  at  100°C.  Chromium  boride  was  also  tested  in  this 
program.  It  was  reported  to  be  corrosion  resistant  and  catalytic, but  it  possessed 
neither  of  these  attributes. 
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As  the  simple  carbides  did  not  show  catalytic  activity  and  in  many  cases 
were  not  corrosion  resistant,  it  was  decided  to  investigate  more  complex  structures. 
"H"  phase  carbides  (15)  and  perovskite  (16)  structures  of  transition  metals  with 
post-transition  metals  and  carbon  were  examined.  Experiments  showed  that  these 
materials  were  readily  attacked  in  solution.  They  had  very  poor  corrosion  resist¬ 
ance.  A  study  of  tj  phase  carbides  was  then  begun.  These  are  reported  to  possess 
extraordinary  corrosion  resistance. 

There  are  two  types  of  rj  phase  carbides,  those  having  the  idealized 
formula  A3B3C,  called  17^,  and  those  having  the  idealized  formula  A2B4C  called  tj2. 
Both  these  phases  have  a  face  centered  cubic  structure  and  belong  to  the  space 
group  Fd  3m.  In  this  complex  space  group, octahedra  of  B  atoms  are  arranged  in  a 
diamond-like  lattice.  Carbon  atoms  are  located  in  the  distorted  octahedral  holes 
between  neighboring  B  octahedra.  The  remaining  metal  atoms  are  in  tetrahedra  dis¬ 
tributed  through  the  lattice.  In  the  idealized  formula  of  the  77  phases,  A  repre¬ 
sents  a  first  row  transition  element  such  as  V,  Cr  or  Mn,  while  B  corresponds  to  a 
second  or  third  row  element  such  as  Nb,  Mo,  W  or  Ta.  It  is  expected  that  the  first 
row  element  will  impart  catalytic  activity  to  the  carbide  while  the  second  or  third 
row  elements  will  provide  corrosion  resistance.  A  and  B  may  be  mixtures  of  elements. 
Indeed  the  literature  shows  that  the  number  of  77  phases  possibly  increases  if  such 
mixtures  are  used  (17)  (18) 

The  investigation  of  the  properties  of  7)  phase  carbides  was  begun  with  a 
purchased  sample  of  what  was  purported  to  be  NI3W3C  obtained  from  Semi  Elements  of 
Saxonburg,  Pennsylvania.  It  was  found  by  X-ray  diffraction  to  contain  about  75% 

WC,  some  Ni,C  and  the  rest  Ni-W^C, rather  than  100%  M3W3C.  When  this  impure  pur¬ 
chased  carbide  was  treated  with  hot  30%  sulfuric  acid,  the  nickel  carbide  was  re¬ 
moved  from  the  system.  However,  the  tj  phase  structure  retained  its  nickel  component. 
Thus,  it  seems  that  this  type  of  structure  is  acid  resistant.  An  electrode  prepared 
from  the  acid  extracted  sample  did  not  show  any  catalytic  activity.  The  acid  resist¬ 
ance  indicates  that  these  phases  should  be  investigated  further,  in  more  purified 
form. 


As  the  purchased  sample  was  rather  impure  an  attempt  was  made 

to  prepare  a  tungsten  tj  phase  carbide  in  this  laboratory  by  a  rapid  melting  tech¬ 
nique.  A  stoichiometric  mixture  of  manganese  (used  because  of  its  low  melting 
point),  tungsten  and  carbon,  corresponding  to  Mn3W3C,  was  pelletized  and  then  heated 
in  a  graphite  mold  to  1500°C  and  3  tons/in2  for  a  few  minutes.  After  melting 
occurred,  the  sample  was  allowed  to  cool  slowly.  Its  X-ray  diffraction  pattern  in¬ 
dicated  that  WC  was  the  principal  product  while  a  small  amount  of  Mn2W^C  and  Mn3C 
were  also  formed.  This  material,  too,  was  acid  stable  although  it  corroded  slowly 
in  basic  media. 

Semi  Elements  is  the  only  commercial  supplier  of  tj  phase  carbides.  As 
their  sample  was  quite  impure  and  it  was  found  that  "quick  and  dirty"  preparations 
in  this  laboratory  did  not  produce  pure  TJ  phases  it  was  decided  to  attempt  their 
preparation  here  by  more  careful  means.  Preparing  these  complex  carbides  in  this 
laboratory  not  only  will  allow  for  close  control  of  the  purity  of  the  product  and 
completeness  of  the  reaction  but  further  will  facilitate  the  production  of  a  large 
number  of  samples  of  varying  composition  and  stoichiometry.  To  this  end,  a  vacuum 
induction  furnace  was  assembled.  It  consisted  of  a  stainless  steel  bell  jar  with 
quartz  windows  and  a  precisely  machined  lower  edge,  which  formed  a  vacuum  tight 
seal  against  a  heavy  steel  base  plate.  Leads  to  a  ten  kilowatt  induction  unit  and 
to  a  high  capacity  vacuum  system  came  through  the  base  plate. 
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In  the  first  attempt  at  preparing  an  rj  carbide  under  carefully  controlled 
conditions,  a  sample  containing  nickel,  tungsten  and  carbon  was  pelletized  and  put 
in  a  graphite  crucible,  surrounded  by  the  induction  coil  heater,  a  tantalum  foil 
heat  shield,  and  then  an  alumina  crucible  as  another  heat  shield  inside  the  vacuum 
chamber.  Unfortunately,  by  the  time  the  graphite  crucible  was  degassed  and  heated 
to  1000°C  the  walls  of  the  vacuum  system  got  so  hot  that  they  began  to  buckle  and 
the  heating  had  to  be  discontinued.  To  prevent  the  heating  of  the  walls  during 
the  second  attempt  a  steel  cylinder  was  used  as  a  further  heat  shield  between  the 
alumina  crucible  and  the  vacuum  chamber  walls.  This  prevented  the  walls  from  heat¬ 
ing  but  the  connections  on  the  induction  heater  got  hot  and  vacuum  was  lost.  Fur¬ 
ther  the  gasket  at  the  bottom  of  the  chamber  also  failed  and  lost  vacuum.  In  order 
to  avoid  further  heat  shielding  problems  a  water  cooled  bell  jar  has  been  designed. 
This  should  allow  heating  to  high  temperatures,  with  maintenance  of  vacuum,  espec¬ 
ially  when  lined  with  tantalum  foil  as  a  heat  shield. 

An  all  quartz  vacuum  system  was  also  designed.  Samples  will  be  heated  in 
vacuo  tc  somewhat  lower  temperatures  (up  to  1000°C)  within  a  quartz  tube  by  means 
of  an  induction  coil  wrapped  around  it.  Quartz  was  chosen  as  the  furnace  material 

I  because  it  adsorbs  much  less  light  than  Vycor  and  thus  would  be  heated  much  less  by 
the  glowing  sample  suspended  in  vacuum  inside  it.  The  first  such  furnace  has  been 
built  and  is  currently  being  debugged.  A  third  technique  for  making  r)  carbides  is 
also  being  tried.  Pellets  containing  stoichiometric  amounts  of  metals  and  carbon 
are  being  sintered  in  evacuated  quartz  tubes  for  several  weeks.  This  procedure 
appears  to  be  slow  but  sure,  but  product  purity  is  questionable  at  this  point. 

It  is  expected  to  prepare  many  compositions  of  17  phase  carbides  as  soon 
as  our  water  cooled  vacuum  shield  is  installed.  These  will  be  tested  for  electro¬ 
chemical  activity  and  for  corrosion  resistance. 

If  these  materials  do  not  give  the  desired  results  then  other  interstitial 
compounds  will  be  made  in  the  same  apparatus  and  evaluated.  The  preliminary  work 
with  chromium  boride  indicates  that  complex  structures  will  be  needed  here  also  to 
provide  corrosion  resistance. 

Phase  9  -  Hydrocarbon  Reforming  in  the  Liquid  Phase 

A  non-noble  metal  catalyst  for  a  hydrocarbon  consuming  fuel  cell  is,  of 
course,  highly  desirable.  Previous  studies  (_5)  (_6)  had  shown  that  a  non-noble  metal 
steam  reforming  catalyst  developed  by  Esso  could  be  formed  into  an  anode  which  was 
active  with  hydrogen  fuel  but  not  with  hydrocarbons.  In  addition,  this  catalyst 
was  active  for  the  reforming  of  hydrocarbon  and  steam  to  form  carbon  dioxide  and 
hydrogen  from  vapor  phase  reactants  at  fuel  cell  temperatures.  Why  the  reforming  to 
hydrogen  and  the  subsequent  consumption  of  the  hydrogen  at  the  anode  did  not  occur 
in  the  fuel  cell  environment  remained  unanswered.  It  was  hypothesized  that  the 
presence  of  the  liquid  phase  reactants  might  have  stopped  the  reforming  reaction. 

To  test  this  hypothesis  reforming  was  attempted  with  both  reactants,  water  and  hydro¬ 
carbon,  in  the  liquid  phase. 

These  experiments  were  performed  by  passing  liquid  phase  mixtures  of  hexane 
or  decane  and  water  up  through  a  13"  long  tube  containing  3  16"  diameter  pills  of 
catalyst.  Temperatures  of  from  260  to  154°C  were  used  with  pressures  of  from  925 
to  75  psig  to  keep  the  reactants  in  the  liquid  phase.  Product  analysis  by  mass 
spectrometry  showed  that  reforming  of  hydrocarbons  and  water  in  the  liquid  phase 
was  occurring  at  substantial  rates.  This,  of  course,  shows  the  hypothesis  that  the 
presence  of  the  liquid  phases  stopped  the  reaction  is  wrong. 
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The  results  of  these  tests  show  that  increasing  the  flow  rate  increases 
the  rate  of  reaction  proportionately,  as  shown  in  Figure  A-9  and  Appendix  A-12. 

This  indicates  the  rate  limiting  step  is  mass  transport  rather  than  catalysis.  The 
maximum  reaction  rates  obtained  were  limited  by  the  maximum  flow  rates  of  the  pumps 
in  test  apparatus.  The  ultimate  reaction  rate  at  a  very  high  flow  rate  and  optimum 
geometry  has  not  been  determined. 


Figure  A-  9 


Effect  of  Flow  Rate  on  Reaction  Rate 


Total  Feed  Rate  (Decane  +  H2O,  gms  fed/gm  cat/hour) 


The  rates  of  reaction  obtained  at  maximum  flow  rate  compared  favorably  to 
those  previously  obtained  (5)  in  the  vapor  phase.  The  maximum  measured  rates  of 
reaction  with  the  liquid  phase  are  nearly  independent  of  temperature  at  a  value  of 
10”2  weights  of  decane  reacted  per  weight  of  catalyst  per  hour.  This  rate  is  about 
equivalent  to  the  rate  obtained  in  the  vapor  phase  at  260°C,  but  nine  times  higher 
than  the  vapor  phase  rate  at  154°C.  The  rates  of  reaction  are  shown  in  Figure  A-10 . 
This  constant  reaction  rate,  independent  of  temperature,  confirms  that  the  liquid 
phase  reaction  is  mass  transport  limited.  Thus,  it  has  been  shown  not  only  that  the 
presence  of  liquid  phase  reactants  does  not  stop  the  reforming  but  that  reaction  rates 
with  the  liquid  phase  of  up  to  nine  times  those  in  the  vapor  phase  have  been  obtained 
Further,  the  ultimate  liquid  phase  reaction  rate  in  the  absence  of  mass  transfer 
limitation  is  even  higher  than  the  rates  that  have  been  obtained. 
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Figure  A-10 

Rates  of  Reforming  at  Low  Temperature 


The  outlook  for  a  non-noble  metal  catalyst  to  be  used  at  the  anode  of  a 
hydrocarbon  fuel  cell  has  been  brightened  by  the  results  of  these  experiments.  Since 
it  has  been  found  that  the  presence  of  liquid  phase  reactants  does  not  inhibit  the 
reforming,  only  two  additional  conditions  are  present  in  the  fuel  cell  that  could 
stop  the  reforming  reaction.  These  are  the  presence  of  the  ions  in  the  electrolyte, 
the  pressure  and  the  electrical  potential  between  the  catalyst  and  electrolyte.  Con¬ 
ditions  in  a  reformer  can  be  made  to  successively  approach  those  in  fuel  cell  by  add¬ 
ing  electrolyte  ions  and  imposing  potentials  on  the  catalyst.  This  type  of  study 
should  identify  why  previous  attempts  to  use  this  catalyst  at  an  anode  of  a  fuel  cell 
failed.  Once  the  reason  is  known,  changes  in  the  catalyst  may  be  possible,  so  that 
the  same  non-noble  elements  of  the  reforming  catalyst  may  be  made  to  function  as  the 
anode  of  a  hydrocarbon  fuel  cell. 
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4.2  Task  B,  Hydrocarbon  Total  Cell 


The  primary  objective  of  the  hydrocarbon  total  cell  program  is  the  evalua¬ 
tion  of  the  engineering  feasibility  and  system  requirements  of  a  direct  liquid  hydro- 
carbon-air  fuel  cell.  To  do  this  requires  a  total  cell  system  with  reasonable  cur¬ 
rent  capability.  Consequently,  research  during  this  period  has  emphasized  the  develop¬ 
ment  of  a  liquid  decane-air  fuel  cell  with  sufficient  capability  to  allow  the  evalua¬ 
tion  of  anticipated  problem  areas,  such  as  operation  with  either  fuel  or  oxygen  trans¬ 
port  into  the  electrolyte  space,  fuel  recovery,  chemical  oxidation  at  the  cathode, 
and  temperature  maintenance. 

In  addition,  a  second  objective  of  this  work  has  been  the  design,  construc¬ 
tion, and  testing  of  a  liquid  decane-air  total  cell  assembly  for  delivery  to  the  U.  S. 
Army  Electronics  Command  at  the  end  of  the  contract  year.  Test  work  on  this  unit 
has  been  completed. 

Phase  1  -  Studies  in  Hydrocarbon  Fuel  Cells 

Tests  were  conducted  in  small  (10  cm2)  liquid  decane  fuel  cells  to  further 
explore  the  interaction  of  systems  and  electrode  requirements.  Particular  attention 
is  given  to  the  problem  of  operation  with  fuel  transport  and  carbon  dioxide  rejection 
in  the  electrolyte  space.  Previous  studies  (7)  indicated  that  even  for  a  1  cm  elec¬ 
trolyte  chamber  thickness  decane  could  accumulate,  causing  a  loss  in  performance  at 
the  cathode  and  increased  IR.  In  addition,  cathode  system  evaluation  work  was  re¬ 
quired  because  preliminary  data  indicated  that  the  poor  structural  stability  of  the 
sintered  platinum  Teflon  emulsion  cathode  could  reduce  cell  life. 

Part  a  -  Small  (10  cm2)  Cell  Design 

The  liquid  decane-air  cell  used  in  the  initial  phase  of  the  engineering 
study,  shown  in  Figure  B-l,  is  basically  the  same  as  that  used  in  the  earlier  sul¬ 
furic  acid  study  (5).  However,  it  was  designed  to  function  with  150°C,  14.7  M  H3PO4 
electrolyte  in  a  temperature  controlled  oven  using  the  operating  system  described  in 
the  previous  semi-annual  report  (J).  Operation  in  this  oven  allowed  us  to  use  the 
original  Teflon  cells  without  excessive  thermal  damage. 

As  indicated  in  Figure  B-l,  the  unit  cell  consists  of  a  central  electrolyte 
chamber  (0.109  inches  thick)  inserted  between  the  air  and  fuel  chambers.  Fuel  is 
fed  by  gravity  into  the  bottom  of  the  fuel  chamber,  then  through  the  porous  Teflon 
barrier  to  the  anode.  Some  of  the  fuel  is  consumed  at  the  anode  electrochemically, 
however,  the  bulk  of  the  fuel  is  transported  through  the  anode  into  the  electrolyte 
space.  As  a  result,  a  significant  electrolyte  flow  0.5  cm3 /minute- cm2,  is  required 
to  sweep  the  decane  upward  out  of  the  cell  before  it  can  inpinge  on  the  cathode 
surface.  However,  this  flow  does  not  completely  eliminate  the  impingement  problem. 

Air  enters  counter  current  to  the  fuel  and  electrolyte  flow. 

As  indicated  previously,  fuel  transport  can  be  a  significant  problem  when 
operating  at  150  C  with  oxygen  since  some  cathodes  are  known  to  transport  oxygen  in 
much  the  same  way  as  the  anode  transports  fuel.  Contact  of  oxygen  and  fuel  on  the 
hot  platinum  cathode  can  cause  an  explosion.  Design  changes  in  the  80  cm2  multicell 
unit  (discussed  in  Phase  2)  have  successfully  minimized  this  hazard. 
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Part  b  -  Cell  Performance 

Single  and  multicell  tests  have  been  conducted,  using  this  10  cm2  cell,  to 
evaluate  component  stability  and  compatibility  prior  to  their  incorporation  into  the 
80  cm  assembly.  Particular  emphasis  was  given  to  the  evaluation  of  improved  cathode 
structures,  since  studies  indicated  that  cathode  cracking  and  checking  could  limit 
cell  life.  Therefore,  a  series  of  single  and  multicell  tests  were  conducted  varying 
the  cathode  structure  while  maintaining  a  constant  anode  configuration.  Four  cathode 
types  werfj  examined,  including:  (1)  a  standard  50  mg/cm2  s.P.T.E.  cathode  coated  with 
6-8  mg/cnT  Teflon  spray  coating,  (2)  a  standard  S.P.T.E.  cathode  covered  with  a  3.5 
mil  porous  Teflon  film,  (3)  a  commercial  Cyanamid  AA-1  cathode  laminated  to  a  3.5 
mil  porous  Teflon  film,  and  (4)  the  sintered  carbon  Teflon  electrode.  The  results 
of  this  study  are  summarized  in  Appendix  B-l.  Analysis  of  this  data  indicates  that 
except  for  the  sintered  carbon  Teflon  cathode,  all  of  the  electrodes  gave  the  same 
initial  performance  levels  despite  the  fivefold  variation  in  catalyst  loading.  The 
average  cell  performance  obtained  in  these  single  and  multicell  tests  are  shown  in 
Figure  B-2.  For  the  five  systems  tested  the  average  cell  performance  fell  essen¬ 
tially  on  a  single  curve  with  a  peak  power  capability  of  17  mw/cm2  on  oxygen  and  14 
mw/cm2  on  air.  However,  the  best  three  cell  stack  gave  21  mw/cm2  on  oxygen  and  17 
mw/cm2  on  air.  Since  all  of  the  potential  cathodes  gave  the  same  total  cell  perform¬ 
ance,  selection  was  based  upon  the  ability  to  maintain  performance  and  interface  con¬ 
trol  after  prolonged  exposure  to  environmental  temperature.  The  effect  of  exposure  to 
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Figure  B-2 


Initial  Performance  of  Liquid  Decane  Cells 
(10  cm^  Unit) 


elevated  temperature  on  cathode  performance  is  shown  in  Figure  B-3,  which  is  a  plot 
of  hours  at  temperature  (not  load)  versus  total  stack  output  voltage  at  25  ma/cm2. 

Of  the  three  electrodes  tested,  only  the  clad  sintered  platinum  Teflon  electrode 
was  able  to  maintain  performance  and  interface  control  throughout  the  test  period, 
suffering  only  a  0.1  volt  loss  in  performance  in  the  last  six  hours  due  to  a  system 
upset  which  allowed  excessive  quantities  of  decane  to  reach  the  cathode  and  some 
barrier  separation.  This  cladding  separation  problem  was  corrected  by  lamination  of 
the  porous  Teflon  film  to  the  cathode  at  elevated  temperature  (see  Task  E,  Phase  2). 
On  the  other  hand  the  laminated  American  Cyanamid  AA-1  electrode  failed  to  main¬ 
tain  cell  performance  despite  the  fact  that  interface  control  was  good  throughout 
the  test.  This  poor  performance  was  most  probably  due  to  decane  poisoning  (or 
flooding) . 


In  view  of  these  findings,  the  80  cm2  multicell  system  will  use  the  50 
mg/cm2  S.P.T. E.  electrode  laminated  to  a  thin  porous  Teflon  film. 
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Effect  of  Exposure  to 
Temperature  on  Decane  Air  Performance 


Time  on  Temperature,  hrs 


Part  c  -  Gas  Rejection  and  Resistance  Losses 

One  of  the  multicell  assemblies  was  tested  on  butane  prior  to  operation 
on  liquid  decane  to  evaluate  the  effect  of  COo  rejection  in  the  electrolyte  space 
on  cell  IR  loss.  The  results  of  this  study, shown  in  Figure  B-4,  indicate  that  the 
10  cm^  cell  does  not  have  adequate  gas  release  capability.  Ideally,  the  IR  cur¬ 
rent  density  curve  should  be  a  perfect  straight  line  through  the  origin.  Figure 
B-4  is  almost  linear  up  to  60  ma/cm2,  however,  for  currents  greater  than  60  ma/cm2. 
CO2  rejection  from  the  intercell  space  becomes  limiting  and  increased  IR  is  observed. 
These  data  indicate  that  an  improved  venting  system  will  be  required  in  the  80  cnr 
unit. 


In  the  course  of  this  IR  investigation  a  butane  performance  curve  was 
also  determined  to  see  how  well  the  half  cell  measurements  predict  total  cell  per¬ 
formance.  The  performance  data  shown  in  Figure  B-5  indicates  good  agreement  yield¬ 
ing  31  mw/cm2  on  oxygen  compared  to  35  mw/cm^  predicted  from  half  cell  data.  Air 
data  were  equally  good  and  a  peak  power  of  19  mw/cm2  was  obtained. 


Three  Cell  Assembly  Voltage,  volts  IR  Loss  in  Cell,  volts/cell 


Current  Density,  ma/cm2 


Figure  B-5 


Butane  Performance 
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Part  d  -  Engineering  Evaluation 


Operating  experience  with  the  small  multicell  assembly  pointed  up  a  number 
of  cell  and  operating  system  defects  which  were  corrected  in  the  final  80  cm2  multi- 
cell  assembly  and  operating  system.  Table  B-l  lists  these  problem  areas  and  the 
recommended  correction  procedure. 


Table  B-l 


Problems  with  10  cm^ 
Cell  and  Operating  System 


De  feet _  _ Recommendations 

Operating  System 


Gravity  feed  electrolyte  circula¬ 
tion  system  unreliable  and  diffi¬ 
cult  to  balance. 

Fuel  cracking  and  coking  in  heater 
electrolyte  tank. 


The 

Mechanical  pinning  not  adequate 
to  prevent  anode  barrier 
separation 

Fuel  contacting  the  cathode 


Electrolyte  venting  poor,  CO2 
not  released  rapidly  enough 


Explosion  possible  when  operat¬ 
ing  on  oxygen. 


Go  to  pump  feed-gravity  return 
system  rather  than  a  pump  return 
used  in  the  operating  systems. 

Use  ambient  temperature  tank  with 
decane  removal  weir  rely  on  pre¬ 
heater  to  maintain  electrolyte  tem¬ 
perature. 

Provide  a  fuel  recovery  and  purifi¬ 
cation  system. 

Cell 

Laminate  the  barrier  to  anode. 

Provide  electrode  free  residence 
space  for  decane  at  the  top  of 
the  electrolyte  chamber  (especially 
important  when  operating  on  oxygen 
(see  below)). 

Modify  the  vent  system  to  provide 
for  independent  liquid  and  gas 
exits  to  minimize  back  pressure  on 
gas  release  ports. 

Provide  vent  gas  purge  on  all  vent 
lines  for  oxygen  operation,  install 
effective  electrolyte  exit  weir  to 
insure  positive  electrolyte  head. 
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Phase  2  -  Engineering  Studies  in  the 

4"  x  4"  Liquid  Decane  Multicell  Assembly 

The  information  developed  in  the  study  of  cell  and  systems  requirements 
with  10  cm2  liquid  decane-air  cells  (Phase  1)  was  used  to  design  and  construct  a 
sealed  up  (4"  x  4")  fuel  cell  assembly  and  multicell  operating  system.  Details  of 
the  modified  unit  cell  are  discussed  in  Appendix  B-3  and  the  improved  operating 
system  (5  cell)  is  described  in  Appendix  B-4. 

A  five  cell  fuel  cell  assembly  is  shown  in  Figure  B-6.  Its  overall  di¬ 
mensions  are  6-1/4  x  6-3/4  x  4-1/2  including  end  plates  and  spring  closure,  requiring 
approximately  0.45  inches  per  cell. 


Figure  B-6 

LIQUID  DECANE-AIR  FUEL  CELL 
FIVE  CELL  ASSEMBLY 


CURRENT 
BUS  BARS 


ELECTROLYTE 

VENT 
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Figure  1  shows  the  feed  and  exhaust  connections  for  the  fuel,  air  and 
electrolyte,  the  nitrogen  purged  vent  system,  the  current  collector  bus  bars  and 
the  special  Belleville  spring  closures  required  to  prevent  leakage  on  temperature 
cycling.  The  order_of  assembly  for  this  series  convected  five  cell  stack  is  shown 
in  Appendix  Figure  B-2. 

Part  a  -  Performance  Evaluation 


Tests  were  made  with  this  liquid  decane-air  mul*:icell  system  using  14.7  M 
phosphoric  acid  electrolyte  to  study  the  effects  of  system  scale-up  on  cell  opera¬ 
tion  and  electrode  life.  Two  individual  unit  cell  configurations  were  used.  In 
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the  first  tests  the  anode  barriers  were  not  bonded  to  the  50  mg/cm^  S.P.T.E.  elec¬ 
trodes  and  clad  Cyanamid  AA-1  cathodes  were  used.  However,  in  subsequent  work 
laminated  50  ma/cm^  S.P.T.E.  anodes  and  cathodes  were  evaluated. 

In  the  initial  tests,  the  performance  of  the  individual  cells  proved  to 
be  sensitive  to  electrolyte  flow  distribution.  This  was  corrected  by  opening  the 
electrolyte  balance  pressure  line  to  both  end  plate  electrolyte  input  manifolds  in 
order  to  feed  each  cell  from  both  ends  of  the  stack.  The  initial  performance  curves 
obtained  with  unlaminated  S.P.T.E.  anodes  and  clad  Cyanamid  cathodes  are  shown  in 
Figure  B-7  and  Appendix  B-2,  along  with  a  predicted  performance  curve  based  up  the 
average  10  cm^  system  previously  tested.  The  oxygen  performance  is  in  good  agree¬ 
ment  with  the  predicted  values.  However,  the  air  data  indicates  a  0.40  volt  (80 
mv/cell)  debit  due  to  decane  transport  across  the  electrolyte  chamber.  This  decane 
transport  to  the  cathode  caused  a  continuous  performance  loss,  so  that  after  100 
hours  on  test  (34  on  load)  the  stack  output  was  reduced  from  3  to  1.5  watts,  while 
after  200  hours  the  power  level  was  only  1.3  watts.  Failure  occurred  at  240  hours 
due  to  cathode  barrier  rupture. 


Figure  B-7 


INITIAL  PERFORMANCE  CURVE 
FIVE  CELL  ASSEMBLY 
SERIES  CONNECTED 


* 
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Next  a  three  cell  assembly  was  run  to  evaluate  the  improved  laminated 
electrodes  and  check  on  the  operation  of  the  delivery  test  unit  since  a  faulty 
relay  had  previously  resulted  in  the  loss  of  the  second  five  cell  assembly.  This 
loss  of  components  forced  a  reduction  in  the  number  of  cells  used  in  subsequent 
teat  assemblies  in  order  to  save  enough  for  a  five  cell  delivery  unit. 

The  results  of  this  laminated  electrode  test  is  summarized  in  Figure  B-8, 
which  compares  the  average  cell  voltage  on  oxygen  for  both  the  clad  and  laminated 
structures.  As  indicated  the  oxygen  performance  compares  quite  favorably  with  the 
anticipated  value  despite  the  fact  that  the  cathodes  were  prepared  using  an  older 
technique  than  currently  used.  This  latter  technique  is  known  to  produce  100  mv 
more  polarization  per  cell  on  air  than  the  optimum  clad  material.  However,  the 
major  advantage  obtained  with  this  system  is  found  in  improved  electrode  life,  main¬ 
taining  a  stack  power  (3  cells)  of  1.1  watts  for  over  400  hours  on  test  including 
three  cold  shutdowns  and  a  run  on  a  wide  boiling  range  jet  fuel  (Esso  0TF-90). 


Figure  B-8 

Initial  Oxygen  Performance  Multicell  Assembly 


Stack  Current,  amps 
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Part  b  -  Performance  Evaluation 
Wide  Boiling  Range  Fuel 

The  use  of  wide  boiling  range  fuels  was  briefly  examined  using  the  three 
cell  assembly  just  discussed  to  determine  what  new  problems  were  introduced  when 
opeating  with  realistic  fuel  systems.  A  special  low  sulfur  isoparaf f inic  turbo  fuel 
Supersonic  jet  fuel-90,  boiling  range  195°C  to  290°C)  was  silica  gel  percolated  and 
fed  to  the  cell  through  the  normal  fuel  feed  system.  The  results  shown  in  Figure 
B-9  indicate  a  threefold  reduction  in  power  capability  with  this  isoparaffin  fuel. 
Inspection  of  the  operating  system  indicated  that  this  was  due  to  increased  fuel 
transport  through  the  anode  with  resultant  increased  cathode  poisoning.  Thus, 
solution  of  the  fuel  transport  problem  should  also  improve  performance  on  wide 
boiling  range  fuels.  No  other  system  or  cell  operating  difficulties  were  observed 
with  this  fuel. 


Figure  B-9 

Effect  of  Wide  Boiling  Range 
Fuel  on  Stack  Performance-Oxygen 


Stack  Current,  amps 
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4.3  Task  C.  New  Systems 


\ 


In  addition  to  the  conventional  work  on  electrocatalysis,  electrode  struc¬ 
ture  and  total  cell  development,  effort  is  also  being  expended  on  new  electrolytes 
and  new  electrode  configurations.  The  electrolyte  work  has  emphasized  temperatures 
of  about  100°C  above  normal.  The  aim  here  is  to  decrease  platinum  catalyst  require¬ 
ment  to  practical  levels  or  permit  the  use  of  less  active  non-noble  metals  such  as 
nickel  without  approaching  the  very  high  temperature  levels  of  the  molten  carbonate 
(600°C)  or  the  solid  zirconia  (1000°C)  fuel  cells.  Pyrophosphoric  acid  considered 
previously,  was  examined  further  and  molten  blsul fates  were  also  investigated.  The 
carbon  dioxide  rejecting  properties  of  carbonate  electrolytes  were  also  determined 
to  learn  how  alkaline  a  buffer  would  still  be  invariant.  Some  work  was  done  on 
methanol  catalysts  showing  activity  in  buffer  electrolytes.  Finally,  the  slurry 
electrode  configuration  was  studied  further  to  determine  its  ultimate  potentialities. 

Phase  1  -  Catalyzed  Carbon  Electrodes 
in  Pyrophosphoric  Acid _ 

In  previous  studies  (2)  pyrophosphoric  acid  was  shown  to  be  an  excellent 
electrolyte  for  hydrocarbon  fuel  cells.  With  butane  as  test  fuel  current  densities 
of  over  400  ma/cm^  were  obtained  at  250®C.  The  oxygen  or  air  electrode  had  nearly 
theoretical  open  circui£  polarizations  and  the  former  was  polarized  as  little  as 
0.08  volts  at  100  ma/cm  .  The  next  point  to  be  ascertained  was  the  extent  to  which 
the  platinum  quantity,  initially  at  50  mg/cm2  could  be  reduced  by  the  use  of  this 
electrolyte.  Platinum  supported  on  carbon  at  a  level  of  5  mg/cm^  was  used  as  the 
electrode  catalyst,  initially  with  poor  and  irreproducible  results.  The  work  re¬ 
ported  here  was  aimed  at  improving  this  performance. 

Part  a  -  Anode  Performance 

The  first  step  taken  to  improve  the  performance  of  platinum-on-carbon 
catalysts  in  pyrophosphoric  acid  electrolyte  involved  a  change  in  the  impregnation 
technique.  When  relatively  high  platinum  contents  are  used  (6  wt  %)  much  of  the 
chloroplatinate  ion  in  the  impregnating  solution  is  not  adsorbed  by  the  carbon, 
but  merely  absorbed  by  it.  Upon  reduction  the  adsorbed  chloroplatinate  is  proba¬ 
bly  converted  simply  to  platinum  black.  Therefore,  the  impregnation  was  carried 
out  in  two  steps  with  an  intervening  reduction  with  borohydride,  in  order  to  de¬ 
crease  the  probability  of  reducing  non-adsorbed  platinum.  The  results  obtained  with 
these  electrodes  appeared  to  be  sensitive  to  subtle  differences  in  what  was  ostensi¬ 
bly  the  identical  procedure  for  preparing  the  platinum-on-carbon  catalyst.  Since 
the  cause  of  the  activity  differences  has  not  been  determined,  it  is  being  ascribed 
for  purposes  of  reporting  to  minor  differences  in  technique  of  two  operate  s, 
labeled  in  this  report  as  A  and  B. 

As  shown  in  Figure  C-l,  the  double  impregnation  was  inferior  to  the  single 
impregnation,  but  the  unexplained  technique  differences  produced  a  large  improve¬ 
ment  in  butane  performance.  Limiting  currents  went  from  50  ma/cm^  to  over  200  ma/ 
cm^.  Specific  current  densities  of  40  ma/mg  of  platinum  were  reached.  These  are 
very  promising  at  this  early  stage  of  development. 


60 


L 


J 


Figure  C- 1 

Improvement  of  Pt-On-C 
Electrodes  with  Impregnation  Technique 


The  differences  in  the  techniques  which  produced  this  large  improvement 
may  involve  the  severity  of  the  washing  step  after  the  second  reduction.  Excessive 
washing  with  acid  or  washing  with  alkali  leads  to  a  poor  result.  Chloride  ion  is 
probably  the  most  important  material  removed  by  washing.  Therefore,  studies  to 
determine  the  effect  of  small  amounts  of  chloride,  and  other  halide  ions,  on  plati¬ 
num  performance  are  warranted. 

The  electrode  porosity  was  also  varied  using  the  best  impregnation  and 
washing  technique  and  was  found  to  have  a  significant  affect.  As  shown  in  Figure 
C-2,  high  porosity  electrodes  outperformed  low  porosity  electrodes  with  one  or  two 
step  impregnation  procedures.  The  result  suggests  that  further  work  on  electrode 
structure  is  required  to  realize  the  full  potential  of  the  pyrophosphoric  acid. 
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Figure  C-2 

Activity  Increases  with  Electrode  Porosity 


A  number  of  high  porosity,  doubly  impregnated  catalyzed  carbon  electrodes 
having  a  catalyst  density  of  only  2.5  mg/cm^  were  also  tested  with  butane  in  pyro- 
phosphoric  acid.  They  were  prepared  by  simply  using  half  the  quantity  of  catalyst 
carbon.  With  one  exception,  all  exhibited  low  and  unstable  activity,  severe  polar¬ 
izations  occurring  at  current  densities  under  25  ma/cm^.  The  exceptional  structure 
could  sustain  125  ma/cm^  or  50  ma/mg  of  platinum  as  shown  in  Table  C-l. 


Table  C-l 


Butane  Activity  on 
Catalyzed  Carbon  Electrode'*' 

2.5  mg  Pt-Ir/Carbon  Electrolyte  Temp  275°C 
Fuel  Sparged  Through  Water  at  80°C 


Polarization  from  Theoretical  Butane  at 
Indicated  ma/cm^,  volts 

5 

10 

25 

50 

100 

125 

0.26 

0.30 

0.43 

0.45 

0.49 

0.58 

(1)  See  Appendix  C-l  for  detailed  hydrocarbon  performance  data. 
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Decreasing  catalyst  density  merely  by  reducing  the  thickness  of  the  elec¬ 
trode  does  not  seem  to  be  the  optimum  means  of  improving  platinum  utilization. 
Apparently,  difficulties  in  maintaining  a  suitable  interface  with  the  reduced 
quantity  of  carbon  harms  performance.  This  was  confirmed  by  the  low  activity  ex¬ 
hibited  by  these  electrodes  on  oxygen  and  hydrogen.  Oxygen  activities  on  catalyzed 
carbons  in  pyrophosphoric  acid  are  dealt  with  in  the  following  part  of  this  report. 

The  ability  of  pyrophosphoric  acid  to  permit  the  generation  of  50  ma/mg  of 
platinum  with  butane  fuel  is  certainly  very  promising  in  view  of  the  relatively 
small  amount  of  electrode  and  catalyst  development  work  done  using  this  electrolyte. 
Such  work  is  definitely  warranted  in  the  future.  Specific  current  densities  of  100 
ma/mg  of  platinum  may  be  anticipated  from  this  system. 

Part  b  -  Oxygen  Activity  on  Catalyzed 

Carbons  in  Pyrophosphoric  Acid 

Oxygen  was  tested  only  with  the  high  porosity,  doubly  impregnated  carbon 
electrodes.  The  activity  was  quite  high  (0.33  volts  polarized  at  100  ma/cm^),  and 
as  shown  in  Figure  C-3,  quite  reproducible.  The  detailed  data  are  given  in  Appendix 
C-  2  . 


Figure  C- 3 

Oxygen  Activity  on  Catalyzed 
Carbon  Electrodes  in  Pyrophosphoric  Acid 
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An  electrode  having  a  catalyst  density  of  2.5  mg/cm^  was  tested  with  oxygen 
at  275°C  in  pyrophosphoric  acid.  Performance  was  poor  and  deteriorated  on  continued 
testing  as  shown  in  Table  02. 


Table  0  2 


Oxygen  Activity  in  Pyrophosphoric  Acid  at  275°C 


Polarizatior 
_ at  1 

l  from  Theoretical  Oxygen 
!nd.  ma/cm^.  volts 

5 

10 

25 

50 

100 

150 

Initial 

0.18 

0.19 

0.24 

0.34 

0.49 

0.64 

Final 

0.23 

0.28 

0.41 

0.62 

-- 

— 

Again  the  decrease  in  activity  of  these  electrodes  relative  to  those  having 
5  mg/cn/  of  catalyst  may  be  attributed  to  structural  changes  resulting  from  reduction 
of  the  total  amount  of  all  components  that  go  into  the  electrode.  The  need  for  re¬ 
ducing  the  quantity  of  catalyst  without  damaging  the  structure  is  thus  re-emphasized. 

Phase  2  -  Molten  Alkali  Metal 

Bisulfate  Electrolytes 

Promising  electrochemical  activity  has  been  obtained  with  saturated  hydro¬ 
carbons  at  150°C  in  85%  phosphoric  acid.  This  was  achieved,  however,  with  massive 
platinum  electrodes.  Catalyst  loading  could  be  decreased  by  operating  at  higher 
temperatures  where  activation-limited  processes  are  rapid.  High  temperatures  do 
introduce  materials  and  start-up  problems.  Consequently,  the  benefits  of  enhanced 
activity  must  be  compared  with  these  debits.  To  determine  the  feasibility  of  this 
approach,  investigation  of  electrolytes  that  could  be  used  at  200°C  and  for  a  con¬ 
siderable  range  above  this  temperature,  e.g.  350°C  was  required.  It  had  been  demon¬ 
strated  that  molten  pyrophosphoric  acid  electrolyte  allows  operation  at  temperatures 
ranging  from  200  to  275°C  and  higher  if  necessary  (2).  As  has  been  shown  above, 
increased  catalyst  utilizations  were  obtained  using  this  electrolyte.  Pyrophos¬ 
phoric  acid  thus  shows  great  promise.  However,  its  extreme  corrosiveness  makes  it 
difficult  to  obtain  suitable  inert  materials  for  construction  of  a  fuel  cell  employ¬ 
ing  this  electrolyte.  Glass,  for  example  is  readily  attacked  by  pyrophosphoric  acid 
above  200° C. 

Thus,  an  investigation  of  still  other  electrolytes  was  warranted.  These 
systems  would  operate  at  the  same  temperatures  as  pyrophosphoric  acid  and  hopefully 
be  less  corrosive.  Molten  alkali  metal  bisulfates  were  chosen  for  investigation  as 
a  possible  fuel  cell  electrolyte.  These  bisulfate  melts  can  be  used  over  approxi¬ 
mately  the  same  temperature  range  as  pyrophosphoric  acid.  While  sufficiently  corro¬ 
sive  to  preclude  the  use  of  non-noble  metal  catalysts,  the  molten  bisulfates  do  not 
react  with  the  wide  spectrum  of  materials  as  does  pyrophosphoric  acid.  Glass,  for 
example,  docs  not  corrode  in  bisulfate  melts  at  temperatures  well  above  300°C. 

Molten  potassium  bisulfate  melts  at  about  210°C,  and  has  adequate  ionic 
conductance  above  its  melting  point.  The  specific  resistance  ranges  from  20  ohm-cm 
just  above  the  melting  point  to  7  ohm-cm  at  300°C(_19)>  It  is  known  that  hydrogen  on 
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platinum  black  acts  as  a  reversible  electrode  in  this  melt@Q).  If  desired  to  operate 
below  200°C,  low  melting,  mixed  alkali  metal  bisulfate  eutectics  can  be  made(19) . 

Thus,  an  electrolyte  having  an  operating  temperature  range  extending  from  about  150°C 
to  several  hundred  degrees  centigrade  is  possible. 

In  addition  to  being  conductive,  any  fuel  cell  electrolyte  must  be  in¬ 
variant  and  have  adequate  buffering  capacity.  In  this  study  these  properties  were 
investigated  and  electrochemical  performance  with  hydrocarbons  and  oxygen  evaluated. 

Part  a  -  Chemical  Stability  of  Molten  Bisulfates 

Studies  were  made  to  determine  if  molten  bisulfate  is  an  invariant  elec¬ 
trolyte  at  the  contemplated  operating  temperatures.  Initial  work  with  this  elec¬ 
trolyte  at  220  and  250°C  had  shown  that  sulfur  trioxide  slowly  evolves  from  molten 
KHSO4.  This  can  only  result  from  electrolyte  decomposition  which  is  supposed  to 
occur  by  the  following  steps: 


(1)  2  HSO"  - 

—  s2o. 

(2)  S20?‘2  - 

— ►  SO,' 
4 

-2 


-2 


+  h2o 

+  S0„ 


The  electrolyte  is,  therefore,  not  invariant.  The  addition  of  water  to 
the  hydrocarbon  feed  which  is  necessary  for  activity  might  suppress  reaction  (1) 
and  therefore  also  help  maintain  the  electrolyte  composition. 

This  concept  was  tested  as  follows.  In  two  separate  experiments  a  stream 
of  nitrogen  gas  was  sparged  through  the  melt, which  was  maintained  at  250°C.  In  one 
case,  the  gas  stream  was  sparged  through  a  water  reservoir  at  60°C  before  entering 
the  melt,  and  in  the  second  case  dry  hydrogen  was  used.  In  both  cases,  sulfur 
trioxide  was  detected  in  the  effluent  gas  stream,  and  on  a  qualitative  basis,  in 
about  the  same  amounts.  This  would  indicate  that  feeding  moist  fuel  to  the  cell 
would  not  keep  the  electrolyte  invariant.  These  studies  were  repeated  at  a  lower 
temperature,  220°C,  but  the  thirty  degree  temperature  reduction  did  not  appear  to 
reduce  the  extent  of  electrolyte  decomposition. 

While  the  electrolyte  may  not  be  invariant  at  these  conditions,  the  de¬ 
composition  rate  under  fuel  cell  conditions  may  be  low  enough  for  this  electrolyte 
to  be  employed.  Sparging  through  the  melt  pushes  the  equilibrium  of  the  decomposi¬ 
tion  reaction  to  the  product  side,  and  even  under  these  conditions,  the  extent  of 
reaction  was  very  small. 

It  is  conceivable  that  in  a  fuel  cell,  sulfur  trioxide  could  be  fed  in 
with  the  air  or  oxygen  stream,  and  water  in  the  hydrocarbon  feed.  Of  course, 
analogous  measures  are  taken  in  molten  carbonate  fuel  cells  with  success.  The  addi¬ 
tion  of  both  these  components  could  suppress  decomposition.  This  was  not  tested. 

Thus,  bisulfate  electrolytes  are  not  sufficiently  invariant  at  high  temper¬ 
atures;  however,  they  might  possibly  be  of  interest  at  lower  temperatures.  In  another 
experiment,  a  eutectic  of  53.5%  NaHS04,  46.5%  KHSO4  was  evaluated  at  150°C  with  dry 
and  moist  nitrogen.  After  three  times  as  much  sparging  as  in  the  higher  temperature 
runs,  sulfur  trioxide  was  barely  detectable.  At  150°C,  the  decomposition  rate  is 
apparently  low  enough  so  that  the  bisulfate  is  in  effect  a  stable  electrolyte. 
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This  eutectic  was  studied  with  butane  and  oxygen  using  sintered  platinum 
Teflon  electrodes  at  150°C.  The  reference  electrode  was  a  Luggin  containing  a  melt 
consisting  of  97  wt  %  of  the  mixed  alkali  metal  eutectic,  plus  3  wt  %  silver  sulfate, 
into  which  a  silver  plated  gold  wire  was  immersed. 

The  butane  was  sparged  through  a  water  reservoir  at  80°C.  Current 
densities  of  200  ma/cm^  were  achieved.  The  voltages  measured  exhibited  slow  os¬ 
cillations  at  all  current  densities,  but  at  no  time  was  the  electrode  irreversibly 
polarized.  The  results  are  shown  in  Table  C-3. 


Table  C-3 


Activity  of  Butane  in  Molten 
Alkali  Bisulfate  Eutectic  at  150°C 


Current 

Density, 

ma/cm2 

Polarization  from 
Theoretical  Butane, 
volts 

0 

0.09-0.12 

5 

0.27-0.31 

10 

0.37-0.43 

50 

0.42-0.47 

100 

0.50-0.56 

200 

0.44-0.56 

The  open  circuit  voltage  of  a  butane-oxygen  couple  in  this  eutectic  melt 
would  be  only  0.48  volts. 

Two  electrodes  were  investigated  using  oxygen.  One  exhibited  much  greater 
activity  than  its  duplicate,  but  both  exhibited  poor  performance.  At  a  potential 
of  0.58  volt  with  respect  to  a  hydrogen  electrode,  hydrogen  sulfide  was  generated. 
Finally,  at  higher  current  densities,  the  better  performing  structure  exhibited 
lower  polarizations.  The  results  are  shown  in  Table  C-4. 


Table  C-4 


Activity  of  Oxygen  in  Molten 
Alkali  Bisulfate  Eutectic  at  150°C 


Current 

Density, 

ma/cm2 

Polarization  from 
Theoretical  Oxygen,  volts 

Run  1 

Run  2 

0 

0.48 

0.48 

10 

0.56 

0.58 

25 

0.58 

0.66 

50 

0.58 

-- 

K 

O 

o 

0.54 

-- 
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Because  of  the  erratic  behavior  and  low  activity  exhibited  by  oxygen  in 
this  medium  at  150°C,  further  work  with  molten  bisulfates  was  carried  out  at  temper¬ 
atures  above  200°C  and  will  be  described  in  the  next  section.  If  electrochemical 
activity  at  the  higher  temperature  level  warranted,  the  problem  of  electrolyte  de¬ 
composition  could  then  be  examined  in  more  detail,  particularly  the  possibility  of 
continually  recirculating  the  decomposition  products. 

Part  b  -  Butane  Activity  in  Bisulfate  Medium 

The  performance  of  butane  in  molten  potassium  hydrogen  sulfate  (potassium 
bisulfate),  was  quite  sensitive  to  the  partial  pressure  of  water  in  the  fuel  feed. 
This  was  controlled  by  passing  the  fuel  through  a  water  reservoir  prior  to  entering 
the  cell.  Figure  C-4  shows  the  activity  of  butane  as  a  function  of  the  fuel  feed 
water  vapor  content.  The  polarization  at  the  lower  current  densities  decreases  with 
increasing  water  temperature,  up  to  a  water  temperature  of  90°C. 

e 

Figure  C-4 

Water  Vapor  Influence  on  Butane 
Activity  in  Molten  Potassium  Bisulfate 
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The  lowest  polarization  at  100  ma/cm  is  0.44  volts.  The  limiting  current 
increases  up  to  a  maximum  of  200  ma/cnT  at  a  water  temperature  of  80°C,  falling  off 
sharply  above  this  temperature.  The  detailed  data  are  given  in  Appendix  C-3. 
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The  activity  of  butane  in  molten  bisulfate  as  a  function  of  fuel  water 
vapor  content  markedly  resembles  that  in  pyrophosphoric  acid.  This  is  shown  in 
Figure  C-  5 ,  where  the  limiting  current  for  butane  in  each  electrolyte  is  plotted 
against  the  water  vapor  pressure.  The  absolute  activity  of  butane  in  the  molten 
bisulfate  is  much  lower  than  in  pyrophosphoric  acid. 


Figure  C- 5 

Effect  of  Water  Vapor 
on  Butane  Limiting  Current 


The  importance  of  the  proper  water  supply  with  both  electrolyte,  and  the 
parallel  behavior  over  a  wide  range  of  water  vapor  pressures  strongly  suggests  that 
the  same  mechanism  is  operating  in  both  electrolytes.  That  the  performance  is 
poorer  in  the  bisulfate  medium  could  be  due  to  a  variety  of  reasons.  Competitive 
adsorption  between  fuel  molecules  and  the  ions  of  the  electrolyte  may  be  greater 
in  the  bisulfate  melt.  In  addition,  unlike  pyrophosphoric  acid  or  phosphates  in 
general,  sulfate  ion  is  an  oxidizing  agent.  Thus,  it  may  undergo  reduction  at  the 
anode,  giving  rise  to  a  mixed  potential.  Either  or  both  of  these  factors  may  be 
responsible  for  the  poorer  open  circuit  voltages  and  the  lower  activity  in  bisulfate 
melts.  Butane  activity  in  molten  potassium  bisulfate  at  275°C  was  poorer  than  that 
in  857,  phosphoric  acid  at  150°C.  This  would  apparently  eliminate  molten  bisulfates 
as  a  medium,  allowing  increased  catalyst  utilization  by  operating  the  fuel  cell  over 
200°C. 
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It  was  of  interest  to  determine  whether  the  low  anodic  activity  in  this 
medium  is  peculiar  to  butane  or  a  general  property  of  saturated  hydrocarbons. 

Ethane  was,  therefore,  tested  in  molten  bisulfate  to  see  if  it  would  exhibit 
greater  activity  than  butane.  As  with  butane,  the  fuel  was  sparged  through  a  water 
reservoir.  The  reservoir  was  maintained  at  808C,  on  the  assumption  that  this  would 
also  be  the  region  of  maximum  activity  with  ethane.  As  shown  in  Table  05,  the 
activity  of  ethane  is  considerably  lower  than  that  of  butane  in  this  medium. 


Table  05 


Comparative  Hydrocarbon 
Activity  in  Molten  Bisulfate  at  275°C 


k. 

Current 

Density, 

ma/cm^ 

Polarization  from  Theoretical 
Hydrocarbon,  volts 

Ethane 

Butane 

- 

5 

0.32 

0.30 

4  • 

10 

0.39 

0.31 

25 

— 

0.36 

Considering  the  operating  temperature,  the  low  reactivity  of  saturated 
hydrocarbons  in  bisulfate  melts  is  probably  a  general  phenomenon.  Despite  these 
disappointing  results,  this  electrolyte  was  tested  further.  Oxygen  activity  was 
studied  to  determine  if  cathode  performance  improvements  could  be  obtained  in  this 
medium.  Studies  of  still  higher  temperatures  were  undertaken  to  determine  if  any 
beneficial  affects  on  activity  occurred.  Finally,  low  catalyst  density  electrodes 
were  tested  in  this  medium. 

Part  c  -  Oxygen  Activity  in  Bisulfate  Medium 

Oxygen  performance  tests  were  carried  out  on  a  number  of  platinum  elec¬ 
trodes  in  molten  potassium  bisulfate  at  275°C.  One  structure  exhibited  extremely 
low  activity,  but  similar  electrodes  tested  showed  improved  and  comparable  activities. 
It  was  thought  that  further  improvements  in  activity  by  using  an  electrode  contain¬ 
ing  Teflon,  but  which  was  not  sintered  could  be  obtained.  Oxygen  activity  on  this 
structure  was  comparable  to  that  exhibited  on  the  better  sintered  electrodes.  The 
results  are  shown  in  Figure  C-  6,  the  detailed  data  in  Appendix  C-4  . 

Oxygen  activity  in  this  medium  is  much  lower  than  that  obtained  on  the 
same  electrode  structure  in  pyrophosphoric  acid  at  the  same  temperatures.  It  is 
probable  that  the  redox  properties  of  bisulfate,  which  generate  a  mixed  potential 
that  lowers  the  activity  of  fuels  in  this  medium  relative  to  that  in  pyrophosphoric 
acid,  also  decrease  cathode  activity. 
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Figure  C- 6 


Oxygen  Activity  in  Molten  Potassium  Bisulfate 


Part  d  -  Activity  in  Molten  Bisulfate  at  350aC 

The  activities  of  butane  on  oxygen  in  the  bisulfate  melt  are  considerably 
lower  than  that  obtained  in  pyrophosphoric  acid  at  comparable  temperatures.  By 
operating  at  temperatures  above  300°C,  it  was  hoped  that  performance  improvements 
would  be  such  that  the  resultant  activity  would  be  equal  to  or  surpass  that  in  pyro¬ 
phosphoric  acid.  As  the  solubilities  of  gases  in  ionic  melts  generally  increase 
with  increasing  temperature,  it  should  also  be  possible  to  extend  the  limiting  cur¬ 
rent  regions. 

Butane  and  oxygen  electrodes  were  studied  in  molten  potassium  bisulfate  at 
350°C.  Contrary  to  expectations,  both  reactants  as  shown  in  Table  C-6  exhibited 
poor  activity.  The  butane  in  particular  gave  much  poorer  activity  at  350°C  than  at 
275  or  150°C. 
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Table  C-6 


Performance  in  Molten 
Potassium  Bisulfate  at  350°C 


Current 

Density, 

ma/cm2 

Polarization  from  Theoretical,  volts 

Oxygen 

Butane 

(1) 

(2) 

(3) 

0 

0.20 

0.23 

0.31 

5 

0.26 

0.30 

0.33 

10 

0.29 

0.32 

0.40 

25 

0.36 

0.38 

0.75 

50 

0.43„. 

0.44 

-- 

100 

0.64(A) 

0.48 

-- 

(1)  Sintered  platinum  Teflon  electrode. 

(2)  Unsintered  platinum  Teflon  electrode. 

(3)  Fuel  sparged  through  water  at  80°C. 

(4)  Electrode  became  flooded  due  to  leakage. 


The  poor  activity  of  butane  at  350°C  could  be  due  to  a  mixed  potential 
system.  The  competing  cathodic  reaction,  i.e.,  reduction  of  bisulfate  ion,  may 
improve  to  a  greater  extent  at  higher  temperatures  than  is  the  anodic  oxidation  of 
hydrocarbon.  If  this  is  the  case,  bisulfate  would  be  an  unsuitable  electrolyte  at 
temperatures  above  300°C. 

Still  another  reason  for  the  poorer  activity  at  350°C  could  be  the  sinter¬ 
ing  of  the  Teflon  in  the  electrodes  at  that  temperature.  To  test  this  possibility, 
these  electrodes  were  then  tested  on  oxygen  in  85%  phosphoric  acid  at  150°C.  The 
performance  of  these  structures  was  comparable  to  the  standard  sintered  platinum 
Teflon  electrode.  Since  the  activity  of  these  structures  is  sensitive  to  the  sinter¬ 
ing  temperature  during  formulation,  it  may  be  safely  assumed  that  little  or  no 
sintering  of  the  Teflon  occurred  during  the  work  at  350°C.  The  lower  activity  at 
350°C  cannot,  therefore,  be  attributed  to  physical  changes  occurring  in  the  elec¬ 
trode. 


Part  e  -  Activity  on  Catalyzed 

Carbons  in  Molten  Bisulfates 


2  It  was  of  interest  to  ascertain  the  activity  decrease  in  going  from  50  to 
5  mg /cm  of  catalyst  using  bisulfate  electrolytes.  As  shown  elsewhere  in  this  re¬ 
port,  the  studies  with  pyrophosphoric  acid  showed  that  high  catalyst  utilizations 
were  obtained  although  they  were  still  short  of  target.  Based  on  previous  results, 
it  was  not  expected  that  low  catalyst  density  electrodes  run  in  molten  bisulfates 
would  match  the  performance  obtained  in  the  pyrophosphoric  acid  medium.  However, 
the  possibility  existed  that  the  activities  obtained  would  exceed  that  exhibited  by 
the  same  structures  in  85%  phosphoric  acid  at  150°C. 
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Studies  of  butane  and  oxygen  activity  on  a  dual  impregnated  noble  metal 
alloy  catalyst,  high  porosity  carbon  electrode  (5  mg/cm^  catalyst)  were  carried  out. 
Both  reactants  gave  reduced  activity  relative  to  the  high  catalyst  content  electrodes 
as  shown  in  Table  C-7.  Butane  ’ 's  inactive.  This  could  be  due  to  a  combination  of 
factors  such  as  a  decrease  simply  due  to  a  reduction  in  catalyst  density,  the  possi¬ 
bility  of  a  mixed  potential,  and  the  affect  of  the  catalyst  support  in  this  medium, 
that  is,  the  chemical  reduction  of  bisulfate  on  carbon  which  is  known  to  occur  at 
higher  temperatures. 


Table  C-7 


Performance  of  Catalyzed  Carbon 
Electrodes  in  Molten  Potassium  Bisulfate 


Temp  275°C, 

Fuel  Sparged  Through 

Water  at  80° C 

Current 

1 

Density, 

Polarization  from  Theoretical,  volts  I 

ma/ cm2 

Oxygen 

Butane 

0 

0.34 

0.33 

1 

0.50 

0.78 

5 

0.52-0.59 

-- 

10 

0.56-0.62 

-- 

50 

0.69 

-- 

100 

0.55 

-- 

200 

0.49 

-- 

The  oxygen  activity  was  poor  and  erratic  in  that  at  higher  current 
densities,  the  polarization  started  to  decrease.  This  was  not  investigated  further. 
The  inactivity  of  the  fuel  on  this  structure  in  this  medium,  in  addition  to  the 
activity  being  lower  than  that  obtained  at  lower  temperatures  in  phosphoric  acid  is 
sufficient  justification  to  rule  out  further  work  with  bisulfate  electrolytes. 

Part  f  -  Other  Chemical  Properties 
of  Bisulfate  Melts _ 


Although  not  reported  in  the  literature,  it  has  been  found  that  when 
hydrogen  is  brought  to  a  platinum  electrode  in  contact  with  a  bisulfate  melt, 
hydrogen  sulfide  is  generated.  This  is  not  the  case  when  a  saturated  hydrocarbon 
is  in  contact  with  platinum  in  the  melt.  Despite  the  presence  of  hydrogen  sulfide, 
hydrogen  on  platinum  does  act  as  a  reversible  hydrogen  electrode  in  this  melt.  This 
enables  the  establishment  of  theoretical  potentials  of  a  given  reactant  in  this  melt 
against  a  reference  electrode.  The  reference  electrode  used  was  a  silver  wire 
immersed  in  a  melt  composed  of  3  weight  percent  silver  sulfate  in  97  weight  per¬ 
cent  of  whatever  bisulfate  salt  was  employed. 

Phase  3  -  Carbon  Dioxide  Absorption  by  Carbonate  Electrolyte 

Silver  appears  to  be  a  promising  non-noble  metal  cathode  in  high  pH  elec¬ 
trolytes  such  as  carbonates.  In  addition  to  lowering  catalyst  cost,  silver  has  an 
additional  advantage  over  platinum  cathodes  in  a  fuel  cell  employing  a  soluble  fuel. 
No  chemical  oxidation  of  methanol  occurs  on  silver  cathodes  in  carbonate  solutions 
containing  as  much  as  9  volume  percent  methanol.  There  is  also  no  increase  in 
cathodic  polarization  from  the  fuel- free  values  over  this  range  of  methanol  concen¬ 
trations,  either  at  open  circuit  or  under  load. 
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Part  a  -  Carbon  Dioxide  Rejecting 
Properties  of  Carbonates 


Since  the  silver  catalyzed  air  electrode  activity  improves  with  increas¬ 
ing  pH,  it  was  of  interest  to  determine  if  the  kinetics  of  the  carbonate  to  bi¬ 
carbonate  conversion  would  allow  operation  at  a  pH  higher  than  the  equilibrium  value 
of  10.2. 


The  ability  of  potassium  carbonate  solutions  to  reject  carbon  dioxide  was 
measured  as  follows:  carbon  dioxide  was  added  to  a  2  molar  carbonate  solution  at 
95°C,  at  a  rate  equivalent  to  about  100  ma/cm^.  The  potential  between  a  hydrogen 
electrode  in  this  solution  and  a  calomel  reference  electrode  was  followed  with  time. 
The  decrease  in  pH  was  calculated  from  the  potential  decrease,  and  in  turn,  the 
extent  of  the  equilibrium  reaction. 

C02  +  C03'2  +  H20  - ►  2  HC03'1 

As  shown  in  Figure  C- 7  ,  carbon  dioxide  addition  resulted  in  a  rapid  pH 
drop.  The  final  pH  was  about  two  units  lower  than  the  initial  level  corresponding 
to  that  of  a  carbonate-bicarbonate  buffer. 

An  attempt  was  also  made  to  remove  the  added  carbon  dioxide  and  restore 
the  high  initial  peak  by  sparging  with  nitrogen  at  the  same  temperature,  in  the 
hope  that  the  negligible  partial  pressure  of  carbon  dioxide  in  the  gas  stream  would 
reverse  the  equilibrium.  The  pH  increase,  shown  as  the  lower  line  in  Figure  C- 
was  very  slow.  The  pH  rose  to  10.5  after  90  minutes  and  to  11.6  after  twelve  hours 
from  an  initial  value  of  10.2. 

Thus,  there  is  no  advantage  to  using  a  carbonate  electrolyte  in  place  of 
an  equilibrated  carbonate-bicarbonate  buffer.  Improvements  in  silver  cathode  per¬ 
formance  will  require  structural  and  catalytic  advances,  rather  than  operation  at 
difficultly  maintainable  higher  pH  levels. 
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Figure  C-7 

Regeneration  of  Carbonate  is  Difficult 


Phase  4  -  Methanol  Catalysts  for  Base  or  Buffer 

Two  catalysts  which  may  be  considered  as  less  noble  than  platinum  were 
developed  as  offshoots  of  the  hydrocarbon  catalysis  alloy  program  and  were  tested 
on  methanol  in  non-acidic  electrolytes,  with  promising  results.  One  was  Raney  gold, 
available  as  a  base  case  from  the  Raney  alloy  program.  The  second  was  a  mixture  of 
palladium  oxide  and  silver  representing  a  combination  of  a  group  IB  metal  with  a 
second  row,  rather  than  first  row,  transition  element. 

Part  a  -  Silver-Palladium  Catalyst 

Mixtures  of  powdered  palladium  oxide  and  metallic  silver  were  tested  as 
methanol  catalysts  in  potassium  hydroxide  and  potassium  carbonate  electrolyte. 

While  the  palladium  was  used  in  the  oxide  form,  it  was  undoubtedly  reduced  to  the 
metal  with  a  high  surface  area  by  the  time  open  circuit  potentials  were  reached. 
The  best  electrode  gave  very  impressive  performance  reaching  a  limiting  current  of 
2000  ma/cm^  in  alkali  and  a  polarization  of  only  0.12  volts  at  100  ma/cm^.  In  car¬ 
bonate  electrolyte  performance  was  inferior,  though  still  noteworthy  for  an  elec¬ 
trode  containing  no  platinum.  Corrosion  currents  were  not  observed  below  0.9  volts 
polarization.  See  Figure  C- 8  and  Appendix  C- 5  for  details. 
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Figure  C-8 


Methanol  Performance  of 
Silver-Palladium  in  Bases 


The  initial  runs  were  made  with  sintered  metal  mixture  for  greater  mechan¬ 
ical  strength,  but  it  was  found  that  unsintered  mixtures  gave  better  performance. 
Sintered  palladium-gold  mixtures  also  gave  appreciable  performance  but  were  not  as 
good  as  the  catalysts  containing  silver. 

The  catalyst  also  gave  some  apparent  activity  with  butane  as  the  fuel  in 
carbonate  electrolyte.  While  limiting  currents  were  relatively  small,  5  to  10  ma/cm^, 
the  performance  curve  was  notable  because  open  circuit  and  low  current  density 
polarizations  were  near  or  actually  below  the  theoretical  butane  potential.  This 
was  also  characteristic  of  the  methanol  performance.  The  palladium  may  be  serving 
as  a  steam  reforming  catalyst  with  the  hydrogen  being  consumed  as  the  fuel. 

Palladium  is  a  known  steam  reforming  catalyst. 

Thus,  palladium  appears  promising  as  a  catalyst  base  in  non-acidic  media. 
While  by  no  means  non-noble,  its  ultimate  potentiality  in  terms  of  ma/mg  or  ma/dollar 
is  unknown  and  could  conceivably  exceed  that  of  platinum.  Its  activity  remains  to 
be  demonstrated  in  a  true  carbon  dioxide  rejecting  electrolyte,  rather  than  the  car¬ 
bonate  actually  used.  Electrode  structure  problems  may  be  limiting  its  hydrocarbon 
performance  and  must  be  further  investigated. 
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Part  b  -  Gold  and  Gold  Alloy  Catalysts 

Powdered  gold  and  gold  alloys  had  been  shown  to  have  some  methanol 
activity  in  previous  experiments.  Since  they  were  made  available  in  connection 
with  hydrocarbon  alloy  catalyst  program,  Raney  gold  and  gold  alloys  were  tested 
for  methanol  activity  in  6.9  M  KOH  at  90°C  and  their  performance  was  compared  with 
that  of  325  mesh  gold  powder. 

The  comparison  of  electrical  performance  indicated  that  Raney  gold 
produced  30  to  50  fold  increase  in  current,  very  likely  from  its  high  surface  area. 
Alloying  Au  with  Fe  caused  a  big  loss  in  methanol  activity. 


Table  C-8 


Methanol  Performance  of  Gold  Catalysts 
6.9  M  KOH,  90° C 


Polarization  from  Methanol 

Theory  at  Indicated  ma/cm^,  volts 

Catalyst 

0 

10 

100 

300 

325  mesh  gold 
powder 

0.15 

0.66 

0.94 

-- 

Raney  gold 

0.12 

0.36 

0.50 

0.65 

Raney  annealed 

AO  Au-60Fe 

0.16 

0.88 

-- 

-- 

Thus,  gold  is  by  no  means  inactive  on  methanol  in  non-acidic  media  and 
deserves  to  be  investigated  further.  Polarizations  with  it  are  higher  than  with 
platinum  in  alkali  probably  because  the  gold  surface  oxide  forms  at  more  anodic 
potentials  than  the  platinum  surface  oxide.  Adsorbed  or  co-precipitated  redox 
agents  may  help  alleviate  this  problem. 

Phase  5  -  Slurry  Catalyst  Electrodes 

Previous  work  demonstrated  the  feasibility  of  utilizing  as  a  decane  elec¬ 
trode  system  a  slurry  of  suspended  catalyst  in  a  mixture  of  electrolyte  and  fuel. 
The  slurry  was  stirred  by  a  rotating  conductive  paddle  which  kept  solid  catalyst 
particles  mechanically  in  suspension  and  collected  current  from  the  catalyst 
particles  during  collision.  However,  the  catalyst  utilization  was  not  high  enough 
to  be  of  practical  application  and  the  magnitude  of  the  stirring  energy  requirement 
relative  to  the  system  power  output  was  unknown.  The  following  studies  were  carried 
out  to  determine  the  stirring  energy  requirement  and  to  learn  whether  physical 
changes  giving  increased  current  collection  efficiency  could  improve  the  catalyst 
utilization. 

Part  a  -  Separation  of  Current 

Collection  from  the  Stirrer 


The  seemingly  attractive  approach  of  using  a  rotating  conductive  paddle 
to  serve  as  a  stirrer  and  at  the  same  time  as  a  current  collector  has  two  major 
undesirable  features.  First  the  size,  shape,  and  velocity  requirements  for  optimum 
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stirring  and  turbulence  do  not  necessarily  coincide  with  and  may  even  be  opposite 
to  those  for  current  collection.  Secondly,  an  inconvenient  sliding  electrical 
contact  is  necessary  for  utilizing  the  rotating  stirrer  as  a  current  collector. 

A  simple  modification  was  made  and  stationary  .current  collectors  were 
added  to  the  previous  test  set-up  illustrated  in  Figure  C-l  of  Report  No.  5.  The  y 

mercury  pool  which  served  as  the  sliding  electrical  contact  was  eliminated.  Fur¬ 
thermore,  the  stirring  paddle  was  changed  from  a  rectangular  into  a  helical  shape. 

The  helical  stirrer  created  more  eddy  flow  which  in  turn  increased  the  collision 
frequency  between  the  catalyst  particles  and  the  stationary  collectors,  resulting 
in  improved  electrical  performance  as  illustrated  in  Figure  C- 9  .  The  detailed 
results  are  tabulated  in  Appendix  C-6.  All  tests  included  in  this  Appendix  were 
carried  out  at  1500  rpm  with  35  cc  decane  and  35  cc  electrolyte. 


Figure  C- 9 

Performance  Improvement  Due  to  Helical  Stirrer 


Current,  amperes 


Part  b  -  Stirring  Power  Consumption 

The  slurry  system  involves  an  additional  parasitic  power  consumption  for 
stirring  the  slurry.  As  previously  reported,  attempts  had  been  made  to  minimize 
this  power  requirement  by  taking  different  approaches  to  suspending  the  slurry. 
However,  none  was  successful.  For  example,  experiments  were  conducted  to  suspend 
platinum  black  and  other  catalysts  by  sparging  decane  through  the  electrolyte. 
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However,  this  could  only  produce  weak  turbulence,  not  sufficient  to  maintain 
collision  between  catalyst  particles  and  current  collector.  Thus,  direct  mechanical 
stirring  inside  or  outside  the  collector  seemed  unavoidable.  Measurements  were 
made  to  determine  the  stirring  power  consumption  with  a  helical  stirrer.  Since  the 
optimum  stirring  speeds  had  been  found  to  lie  within  the  range  of  1200  to  1800  rpm, 
speeds  of  1200,  1500,  and  1800  rpm  were  chosen.  Other  conditions  were  identical 
to  the  test  conditions  of  Part  a.  The  results  as  tabulated  in  Appendix  C- 7  show 
a  stirring  power  consumption  of  the  order  of  0.4  watt.  The  frictional  power  con¬ 
sumption  arising  from  the  motor  itself,  and  measured  at  no  load  conditions,  was 
much  higher  because  of  the  oversize  bearings  supporting  the  stirrer.  With  improved 
designs  of  the  motor  and  bearing  support,  the  frictional  power  consumption  can  be 
reduced.  These  results  indicate  that  the  level  of  power  consumption,  although  high, 
is  still  of  the  order  of  magnitude  of  the  output  that  might  be  obtained  from  a  cell 
at  present  performance  levels.  Since  practical  applications  would  depend  upon  im¬ 
provements  in  cell  geometry  and  catalyst  activity  giving  several  orders  of  magni¬ 
tude  improvement  in  performance,  it  can  be  expected  that  stirrer  power  consumption 
would  not  be  a  major  problem  in  the  light  of  such  advances. 

Part  c  -  Effect  of  Collector  Area  on  Performance 

The  effect  of  stationary  collector  area  was  studied  in  two  different  elec¬ 
trolytes  at  two  temperatures.  This  was  made  possible  by  having  three  stationary 
collectors  in  the  new  arrangement,  each  with  a  surface  area  of  25  cm2,  counting 
both  sides.  During  the  experiment,  the  test  area  was  varied  in  steps  of  25  cm2  by 
disconnecting  one  or  two  collectors.  The  test  data  obtained  by  varying  the  col¬ 
lector  area  as  tabulated  in  Appendix  C- 6  were  obtained  galvanostatically.  From 
the  performance  curves,  the  currents  at  fixed  polarizations  were  obtained  and  com¬ 
pared  for  three  different  collector  areas  in  Figures  C-10  and  C-  11.  They  showed 
that  the  current  increased  with  increasing  collector  area,  but  at  a  rate  dependent 
upon  the  polarization.  Thus,  separation  of  the  current  collection  and  stirring 
functions  did  permit  the  freedom  to  optimize  each  independently,  and  led  to  sizable 
performance  improvements. 

The  temperature  effect  was  looked  into  in  one  experiment  with  phosphoric 
acid  as  the  electrolyte  and  a  75  cm2  current  collector.  By  raising  the  temperature 
from  150  to  175°C,  the  current  at  0.27  volt  polarization  was  increased  from  0.28  to 
2.0  amperes.  At  0.46  volt  polarization,  the  slurry  electrode  could  carry  4.8 
amperes  current.  The  improvement  in  performance  with  temperature  would  correspond 
to  a  limiting  process  with  an  activation  energy  of  30  kcal/mole.  The  fact  that  a 
value  this  high  has  never  before  been  observed  suggests  that  the  improvement  was 
due  to  added  turbulence  caused  by  the  boiling  of  the  decane.  The  system  could  be 
operated  practically  in  this  way  only  if  a  source  of  heat  and  cooling  water  were 
available.  However,  the  result  does  demonstrate  how  much  improvement  can  be  ob¬ 
tained  from  increased  contact  between  the  particles,  the  decane  and  the  electrode. 
These  results  are  consistent  with  the  analysis  given  in  Appendix  C-ll  of  the  last 
report  (7.)  ■  When  the  average  time  a  particle  spends  between  collisions  with  cur¬ 
rent  collector  (ts)  is  large,  as  appears  to  be  the  case  in  this  situation,  the 
current,  I,  is  given  by  equation  8  of  that  analysis  as: 


where  the  C's  are  system  constants,  and  rj  is  the  polarization  of  the 
stationary  electrode.  The  average  time  between  collisions  must  be  roughly  inversely 
proportional  to  the  electrode  area,  although  the  precise  relation  would  depend  on 
the  hydrodynamics  of  the  system.  It  will  be  seen  that  the  first  term  on  the  right 
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Collector  Area,  cm  Collector  Area,  cm 


varies  less  than  linearly  with  electrode  area,  ts  appearing  in  both  a  numerator  and 
a  denominator.  The  second  term,  containing  the  polarization,  does  vary  linearly 
with  area.  Therefore,  the  increase  in  current  with  collector  area  should  be  most 
pronounced  at  high  polarizations  as  observed. 

Theoretically  it  should  be  possible  to  estimate  the  constant  parameters 
in  the  above  equation,  use  the  data  to  determine  ts,  and  thereby  have  enough  in¬ 
formation  to  estimate  the  ultimate  performance  of  the  system.  Unfortunately,  since 
the  relation  between  ts  and  electrode  area  is  unknown  ts  would  have  to  be  estimated 
from  the  curvature  in  the  voltage-current  relation  for  each  electrode.  The  data  is 
not  good  enough  to  permit  this  to  be  done  with  any  accuracy.  Very  roughly  the  re¬ 
sults  suggest  that  ts  is  in  the  range  of  5  to  25  seconds.  This  means  the  system  is 
still  quite  inefficient  and  capable  of  considerable  further  improvement  at  larger 
electrode  area  to  volume  ratios.  The  shape  of  the  curves  in  Figures  C-10  and  C-ll 
and  the  temperature  effect  certainly  support  this. 

Further  performance  improvements  could  be  made,  for  example,  by  eliminat¬ 
ing  the  measuring  probes  in  the  test  set-up  so  that  the  volume  and  catalyst  quantity 
could  be  reduced  without  decreasing  the  collector  area.  A  circular  electrode  chamber 
0.5  cm  in  diameter  and  10  cm  long  having  a  volume  of  2  cc  could  be  designed  with  a 
finned  cylindrical  collector  of  50  to  75  cm2  surface  area.  This  would  provide  a 
much  higher  surfa.-e  to  volume  ratio,  a  lower  tg  and  hence  an  improved  catalyst 
utilization. 

However,  since  the  quantity  of  catalyst  in  the  present  experiments  was  so 
high,  the  specific  current  density  at  150°  was  of  the  order  of  0.5  ma/mg  at  best. 

It  is,  therefore,  doubtful  that  the  levels  achieved  with  a  static  system,  about  6 
ma/mg,  could  be  matched  with  the  slurry  system.  Furthermore,  the  chances  of  improv¬ 
ing  the  system  still  further  to  reach  practical  levels  of  100  ma/mg  seem  very  remote. 

Since  the  actual  current  levels  for  this  small  volume  are  relatively  high, 
in  the  ampere  range,  the  system  seems  to  be  well  suited  for  the  evaluation  of  new 
catalysts,  especially  non-noble  ones  available  in  large  quantities. 
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4.4  Task  D,  Methanol  Electrode 

Studies  on  the  methanol  electrode  have  concentrated  on  further  establish¬ 
ing  the  degree  of  stability  and  reliability  of  the  ruthenium  modified  P-type  cata¬ 
lyst.  In  addition,  experiments  were  carried  out  to  determine  whether  the  silica-on- 
carbon  and  boron  carbide  supports  could  be  used  to  increase  catalyst  utilization. 

Phase  1  -  Studies  of  Ruthenium  Modified  P-type  Catalyst 

The  ruthenium-modified  P-type  catalyst  is  the  main  catalyst  presently  used 
in  multicell  studies.  Therefore,  the  testing  of  this  catalyst  under  widely  varying 
conditions  has  been  carried  out  to  establish  its  basic  characteristics  under  more 
controlled  conditions  than  those  obtainable  in  multicell  ui  ts. 

Part  a  -  Life  Testing  of  the  Ruthenium 
Modified  P-type  Catalyst _ 

The  half-cell  life  testing  of  ruthenium  modified  P-type  catalyst  carried 
out  during  the  past  year  was  continued.  The  data  are  summarized  in  Appendix  D-l. 
These  cells  were  operated  continuously  except  for  a  daily  15  minute  open  circuit. 
Polarization  readings  were  recorded  every  30  minutes  after  current  was  restored.  The 
cells  were  occasionally  reactivated  by  flushing  and  overpolarizing  in  methanol-free 
acid. 


Two  electrodes  made  using  borohydride  reduced  catalyst  were  tested  to 
11,000  hours.  These  showed  an  average  loss  of  only  15  mv.  Two  electrodes  of  hydro¬ 
gen  reduced  catalyst  showed  a  similar  15  mv  loss  after  4400  hours.  These  losses 
are  not  primarily  time  dependent.  Indeed,  the  above  electrodes  showed  a  marginal 
performance  gain  at  the  time  of  the  previous  report  (7).  Instead  these  losses  are 
believed  to  be  due  to  chance  contamination  by  halides,  accidental  methanol  starva¬ 
tion,  and  other  random  upsets. 

A  few  runs  were  made  to  pin  down  various  sources  of  contamination  and  de¬ 
activation.  Run  la, using  cell  5, indicated  that  use  of  distilled  water  instead  of 
deionized  water  could  cause  a  moderate  but  definite  performance  loss.  This  was  re¬ 
tested  in  run  2a,  cell  5  with  no  loss  resulting.  Contamination  has  previously  been 
experienced  in  the  distilled  water  distribution  system,  and  this  is  presumed  to  have 
occurred  in  run  la. 

Various  metals  such  as  aluminum  and  copper,  which  have  been  contemplated 
for  use  in  the  methanol  battery  may  be  the  source  of  contamination.  It  is  there¬ 
fore  necessary  that  if  any  chance  exists  of  metal  corrosion  products  entering  the 
battery  electrolyte,  then  these  products  must  not  poison  the  electrodes.  In  run  26, 
cell  5  aluminum  was  added  to  the  life  test  cell.  This  metal  dissolved  readily  in  the 
warm  sulfuric  acid  electrolyte,  but  electrode  performance  was  unaffected.  In  runs 
2a,  cell  4  and  2c  cell  5,  copper  metal  and  copper  sulfate  were  added.  Both  of  these 
caused  immediate  and  serious  electrode  performance  loss  and  hence  have  to  be  completely 
isolated  from  the  circulating  electrolyte  in  a  battery.  Hence,  distilled  water  trans¬ 
ferred  through  copper  pipes  is  suspect. 

Total  cell  life  testing  also  was  continued.  A  departure  from  the  normal 
operating  procedures  was  made  in  the  storage  tests  (cell  3  and  4).  These  were 
initiated  at  the  time  of  the  last  report  (_7) .  In  these  tests,  the  cells  were  stored 
at  open  circuit  at  room  temperature  after  being  filled  with  1  M  methanol  in  3.7  M 
sulfuric  acid.  Twice  a  week,  fresh  0.5  M  methanol  was  added  and  the  cells  were 
operated  for  about  half  an  hour  to  check  their  performance  level.  They  were  then 
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refilled  and  returned  to  storage.  This  mode  of  operation  was  a  simulation  of  con¬ 
ditions  a  battery  might  be  subjected  to  during  intermittent  use  and  storage  under 
field  conditions.  These  cells  showed  an  initial  performance  gain  during  their 
first  few  days  of  operation  and  then  maintained  the  high  performance  level  for  4000 
hours  of  testing.  These  were  quite  good  cells,  and  a  spot  check  at  60°C  showed  them 
capable  of  0.50  and  0.51  volts  at  46  ma/cm^.  There  appears  to  be  no  problem  in 
storage  of  methanol  iel  cells  in  the  manner  described. 

All  series  of  life  tests  in  5  cm^  and  10  cm^  cells  reported  to  date  have 
now  been  terminated.  The  results  may  be  briefly  summarized  as  follows: 

1.  Anodes  lose  20  to  40  mv  over  a  24  hour  period,  and  performance  may 
be  regained  by  brief  open  circuiting.  This  is  attributed  to  trace 
amounts  of  impurities  (halides)  which  slowly  deposit  on  the  electrode 
and  are  desorbed  at  open  circuit. 

2.  There  is  an  additional  slow  deactivation  which  may  range  from  10  to 

50  mv  over  the  period  of  a  month.  This  can  be  reversed  by  rinsing 
the  electrode  in  fresh  electrolyte  and  overpolarizing  it  briefly  to 
about  0.8  to  0.9  volts  in  the  absence  of  methanol.  This  deactivation 
is  attributed  to  the  adsorption  of  minute  traces  of  partial  oxidation 

products,  and  the  overpolarization  seems  to  burn  off  these  products. 

3.  Except  for  these  reversible  poisoning  effects  there  seems  to  be  no 
performance  loss  associated  with  normal  operation  or  storage  of 
anodes  over  long  periods  of  time.  Deactivation  can  apparently  re¬ 
sult  from  contamination  or  improper  operation,  and  of  course  such 
mishaps  are  more  likely  to  occur  in  long  term  tests. 

Part  b  -  Operation  of  Methanol  Electrodes 
at  High  Current  Densities _ 

Polarization  of  methanol  anodes  as  a  function  of  current  densities  and 
methanol  concentration  was  investigated  in  the  last  report  (7.)  at  current  densities 
up  to  400  ma/cm^.  Although  higher  current  densities  are  of  no  foreseeable  interest 

in  an  operating  methanol-air  total  cell,  electrode  behavior  in  that  region  might 

give  added  insight  to  phenomena  of  electrode  behavior.  Results  are  given  in  Figure 
D-l  and  Appendix  D-2.  They  strengthen  earlier  conclusions  that  mass  transport  from 
the  bulk  solution  to  the  electrode  surface  is  excellent.  In  1.0  M  methanol,  con¬ 
centration  polarization  at  1000  ma/cm^  causes  only  a  20  mv  debit  in  electrode  pol¬ 
arization.  Thus,  it  would  seem  that  electrode  structure  in  present  methanol  elec¬ 
trodes  is  excellent  and  is  not  a  serious  cause  of  polarization. 

The  transition  from  Tafel  behavior  in  the  low  current  region  to  limiting 
current  is  continuous.  There  is  no  evidence  of  a  double  Tafel  slope  region  which 
has  been  derived  or  observed  by  several  authors  (e.g.  Austin,  L.  G. (21)) for  porous 
flooded  electrodes.  This  indicates  either  that  the  methanol  electrons  are  too  thin 
for  such  a  region  to  become  predominant,  or  that  CO2  evolution  from  the  electrode 
surface  changes  the  nature  of  the  transport  process  from  simple  diffusion  to  a  con¬ 
vective  type  of  transport. 

It  is  also  encouraging  to  note,  that  even  at  the  high  current  densities 
with  very  vigorous  gas  evolution, there  was  no  sign  of  electrode  disintegration  or 
flaking  off  of  catalyst  particles. 
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Figure  D-l 

Anode  Polarization  at  High  Current  Density 


Phase  2  -  Use  of  Supports  for  the  Ruthenium 
Modified  P-type  Catalyst _ 

The  ruthenium  modified  P-type  catalyst  is  presently  an  unsupported  cata¬ 
lyst.  Studies  are  now  under  way  to  determine  whether  supports  could  be  used  to 
decrease  catalyst  loading  without  impairing  efficiency. 

Part  a  -  Silica  on  Carbon 


An  evaluation  was  made  of  the  use, in  the  methanol  electrode,  of  the  silica- 
on  carbon  support.  This  support,  developed  for  hydrocarbon  electrodes,  was  discussed 
in  Task  A.  Ten  percent  silica  on  carbon  was  used  as  the  support  for  the  ruthenium 
modified  P-type  catalyst.  Reduction  was  carried  out  using  both  potassium  boro- 
hydride  at  room  temperature  or  hydrogen  at  225°C. 

The  prepared  electrodes  were  tested  using  1  M  methanol  in  3.7  M  sulfuric 
acid.  Their  performances  were  very  poor,  the  electrodes  being  polarized  more  than 
0.35  volts,  at  open  circuit.  Therefore,  experiments  were  carried  out  to  determine 
the  causes  of  the  difficulties.  The  major  areas  considered  were  electrode  fabrica¬ 
tion  procedures,  carbon  quality,  and  silica  loading. 
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Faulty  fabrication  could  impair  performance,  primarily  as  a  result  of  in¬ 
ducing  mass  transport  limitations.  This  was  not  the  case,  since  increasing  the 
methanol  concentration  did  not  markedly  improve  performance.  Carbon  quality  was 
not  a  problem,  since  carbon  electrodes  prepared  without  silica  gave  the  expected 
catalyst  utilization,  A. 5  ma/mg  at  0.35  volts  polarization.  Thus,  the  presence  of 
silica  is  contributing  to  the  performance  loss. 

One  reason  for  this  could  be  the  changes  in  washing  procedures  required 

when  silica  is  used.  The  procedures  used  to  prepare  the  hydrocarbon  electrodes 
are  too  severe  for  this  catalyst,  while  the  potassium  hydroxide  washing  treatment 
employed  with  this  catalyst  would  leach  out  silica.  Therefore,  several  washing 
techniques  for  chloride  removal  were  tried.  These  included,  dilute  0.001  N  potassium 
hydroxide,  and  90%  saturated  solutions  of  potassium  sulfate  and  potassium  chlorate. 

The  use  of  these  washing  procedures  directionally  improved  performance. 
However,  their  levels  were  still  extremely  low.  The  best  of  these  employed  potassium 
sulfate.  The  utilization  in  this  case  was  0.12  ma/mg  at  0.35  volts  polarization 
compared  with  0.024  ma/mg  originally  obtained  using  only  a  water  wash.  These  results 
are  shown  in  Table  D-l  and  detailed  in  Appendix  D-3. 


Table  D-l 


Effect  of  Washing  Technique  on  Utilization 


Wash  Solution 

Concentration 

Utilization  at  0.35  volts 
Polarized  ma/mg 

h2° 

-- 

0.024 

KOH 

0.001  N 

0.080 

KCIO4 

90%  Saturated 

0.090 

K2SO4 

907,  Saturated 

0.120 

It  is  not  known  whether  the  new  washing  procedures  were  effective  in  re¬ 
moving  all  the  chloride  ions  or  had  any  other  deleterious  effect.  Therefore,  fur¬ 
ther  work  is  needed  to  establish  whether  washing  remains  a  problem  or  whether  some 
other  problem  associated  with  the  silica  is  operative. 

Part  b  -  Boron  Carbide 


In  other  tests  of  new  supports,  ruthenium  modified  P-type  catalyst  was 
supported  on  a  boron  carbide  (B4C).  Previous  studies  (7_)  have  shown  that  good  per¬ 
formance  could  be  obtained  using  800  mesh  B4C  particles.  The  good  performance  ob¬ 
tained  with  this  low  surface  area  support  suggests  that  there  might  be  a  positive 
interaction  between  the  support  and  the  catalyst  giving  improved  performance. 

This  was  tested  in  experiments  using  varying  catalyst  loadings  and  several 
reduction  procedures.  The  results  obtained  with  the  different  catalyst  loadings 
indicate  that  there  maybe  an  interaction  with  the  support,  but  a  negative  rather 
than  a  positive  one.  The  average  utilizations  at  0.35  volts  polarized,  obtained 
with  20,  5  and  1  wt  %  catalyst,  respectively,  were  3.2,  1.1,  and  0.37  ma/mg.  This 
could  be  due  to  an  interaction  between  some  of  the  catalyst  and  the  support  making 
that  portion  of  the  catalyst  inactive, 
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The  catalyst  also  showed  improvement  at  more  severe  reduction  conditions. 
The  utilization  increased  from  2.0  to  A. 7  ma/mg  by  using  hydrogen  at  225°C  rather 
than  borohydride  reduction.  This  is  shown  in  Table  D-2  and  Appendix  D-A. 


Table  D-2 


Effect  of  Reduction  Conditions  on 
Performance  of  B^C  Supported  Catalyst 


■MRU 

Temp, 

°C 

Utilization  at  0.35 
volts  Polarization, 
ma/mg 

kbh4 

25 

2.0 

H2 

120 

2.9 

CM 

oc 

225 

A. 7 

The  fact  that  the  utilization  increases  rather  than  decreases  with  increasing  temp¬ 
erature  shows  that  the  impregnation  of  the  catalyst  on  the  boron  carbide  suppresses 
sintering.  Thus,  more  severe  reduction  conditions  should  be  further  evaluated. 

A  unique  feature  in  these  results  is  the  fact  that  the  curves  of  polari¬ 
zation  versus  current  density  on  semi-log  coordinates  show  sharp  changes  in  the  Tafel 
slopes  at  about  10  ma/cm^.  This  is  shown  in  Figure  D-2.  The  slope  below  10  ma/crn^ 
was  0.08  and  the  slopes  at  higher  current  densities  ranged  from  0.13  to  0.16.  The 
higher  slope  and  higher  current  densities  do  not  appear  due  to  fuel  mass  transport 
limitation,  since  increasing  methanol  concentrations  from  1  M  to  2  M  reduced  the 
polarization  only  marginally  (10-20  mv).  Furthermore,  the  increased  slope  is  not 
ohmic  in  form.  Therefore,  further  efforts  are  needed  to  determine  the  cause  of 
this  change  in  slope  and  to  find  ways  for  maintaining  the  lower  (0.08)  slope  at 
higher  current  densities.  However,  so  far,  no  advantage  in  catalyst  utilization 
for  using  supports  has  been  found  for  this  catalyst  system. 
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Polarization  from  Methanol 
Theory,  volts 


Figure  D-2 

Tafel  Slope  Change 
Boron  Carbide  Supported  Catalyst 
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.5  Task  E,  Air  Electrode 

Studies  were  continued  on  the  development  of  cathode  structures  that  do 
ot  require  the  use  of  membrane  backings.  This  work  primarily  covers  the  perform- 
nce  and  scale-up  of  Teflon  spray-coated  and  sodium  alginate  coated  electrodes, 
hese  coatings  on  the  electrode  serve  to  prevent  gross  water  transport  through  the 
merican  Cyanamid  AA-1  platinum-Tef Ion  electrodes,  and  thus  replace  the  Permion 
iembrane  presently  being  used.  Work  was  also  carried  out  on  air  electrodes  capable 
if  operating  at  high  temperatures  for  use  with  phosphoric  acid  electrolyte.  These 
ncluded  various  coated  metal  and  carbon  based  electrodes. 


Phase  1  -  Teflon  Coated  Cathodes 

The  previous  report  (_7)  indicated  that  small  1"  diameter  electrodes,  spray 
:oated  with  "Fluoroglide"  Teflon  emulsion,  could  produce  electrodes  with  perform- 
mces  comparable  to  those  obtained  with  membrane  backed  electrodes.  These  tests 
ihowed  that  gross  leakage  rates  of  electrolyte  into  the  air  chamber  could  be  kept 
:o  tolerable  low  levels.  Therefore,  experiments  were  carried  out  to  determine 
whether  performance  could  be  maintained  for  extended  periods  of  operation  with 
Larger  sized  electrodes. 

Part  a  -  Life  Testing  of  Teflon  Coated  Electrodes 

A  set  of  these  small  electrodes  were  operated  continuously  until  failure 
it  50  ma/cm^  in  3.7  M  sulfuric  acid  in  the  presence  of  1  M  methanol.  The  electrodes 
*ere  subjected  to  a  6"  electrolyte  head.  To  impart  better  uniformity  to  the  coat¬ 
ings,  two  of  the  finished  electrodes  were  heated  to  150°C  for  15  and  120  minutes, 
respectively.  The  test  apparatus  is  shown  in  Appendix  E-l. 

The  best  performance  and  longest  life  were  obtained  with  the  electrode 
that  was  not  heat  treated.  This  electrode  operated  at  about  0.5  volt  polarization 
for  900  hours  and  then  abruptly  failed.  The  heat  treated  electrodes  performed  some¬ 
what  better  initially,  but  continuously  lost  performance  at  a  rate  of  about  15  mv/ 
100  hours.  This  is  shown  in  Figure  E-l. 
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Figure  E-l 

Performance  of  Teflon  Coated  Electrodes  During  Life  Test 


More  testing  is  required  before  any  conclusions  can  be  drawn  regarding  the 
causes  of  failure  and  the  reasons  for  the  slow,  continuous  decline  in  performance  of 
the  heat  treated  electrodes. 

Part  b  -  Scale-Up  of  Teflon  Spray  Coated  Electrodes 

To  determine  the  problems  arising  in  scaling  up  this  process,  a  7.5"  dia¬ 
meter  Teflon  spray  coated  Cyanamid  AA-1  electrode  was  tested  in  a  half  cell  appara¬ 
tus  depicted  in  Appendix  E-2.  The  performance  of  this  electrode  was  studied  in 
methanol-free  electrolyte  at  60°C.  For  comparison,  a  conventional  Permion  membrane 
clad  cathode  was  also  examined  in  the  same  apparatus  and  under  similar  conditions. 
Because  there  was  some  variation  in  potential  over  the  electrode  surface,  the  re¬ 
ported  polarizations  represent  the  average  of  fourteen  readings  taken  over  the  face 
of  the  electrode. 

The  results  of  the  test  are  shown  in  Figure  E-2.  The  performance  of  the 
scaled-up  Teflon  sprayed  electrode  proved  to  be  better  than  that  of  the  membrane 
clad  electrode.  Polarization  of  this  electrode  was  about  50  mv  lower  than  those  of 
the  membrane  clad  electrode  over  a  wide  current  density  range.  However,  the  Teflon 
spray  coated  electrode  leaked  electrolyte  into  the  air  chamber  at  an  unacceptably 
high  rate,  0005  cm^/min-cm^  of  electrode  area. 
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Figure  E-2 

Performance  of  Scaled-Up  Teflon  Coated  Cathodes 


Thus,  although  performance  is  excellent,  further  efforts  or  techniques  for 
preparing  leak-free  coatings  on  large  electrodes  are  still  needed. 

Phase  2  -  Sodium  Alginate  Coated  Electrodes 

As  an  alternative  approach,  sodium  alginate,  a  polyuronic  acid  derived  from 
seaweed,  was  used  to  control  the  electrolyte  seepage  of  1"  diameter  membraneless 
electrodes.  Formulations  of  alginate  and  deionized  H2O  were  prepared  and  pressed 
into  Cyanamid  AA-1  electrode  substrates. 


Part  a  -  Performance  of  Small  Sodium  Alginate  Electrodes 

Because  the  resulting  coating  is  hydrophilic,  it  was  placed  on  the  elec¬ 
trolyte  side.  The  electrochemical  performance  of  these  structures  was  evaluated  in 
methanol” free  electrolyte  and  electrolyte  containing  1  M  methanol.  The  performances 
at  50  ma/cm2  are  presented  below  in  Table  E-l.  More  complete  data  may  be  found  in 
Appendix  E-3. 


The  performance  of  the  alginate  coated  electrode  was  comparable  to  the 
conventional  Permion  membrane  clad  structure  and  to  the  Teflon  spray  coated  elec¬ 
trode.  Furthermore,  this  benefit  in  performance  was  found  to  be  somewhat  better 
with  1  M  methanol  present.  At  50  ma/cm2,  the  polarization  of  this  electrode  with 
methanol  present  was  0.47  volt,  compared  to  0.53  vclt  for  the  conventional  cathode. 
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Table  E-l 


Performance  of  Alginate  Coated  1"  D  Electrodes 


Electrode  Description 

Methanol  Concentration 
of  Electrolyte,  M 

Polarization 
at  50  ma/cm^ 

Sodium  alginate  17  wt  %  in  H2O 

0 

0.45 

pressed  to  Cyanamid  AA-1 

1 

0.47 

Conventional  Permion-Cyanamid 

0 

0.47 

clad  AA-1 

1 

0.53 

Teflon  spray  coated  Cyanamid 

0 

0.48 

AA-1 

1 

0.56 

Tests  conducted  in  30  wt  %  H2SO4  at  60 °C  using  air  at  10  x  stoichiometric 
Part  b  -  Performance  of  Scaled  Up  Alginate  Electrode 


The  alginate -water  formulation  with  the  best  performance  in  tests  using  1" 
diameter  electrodes  was  then  used  to  fabricate  a  large  9  x  5-3/4"  electrode.  A  mix¬ 
ture  containing  17  wt.%  sodium  alginate  was  pressed  into  a  Cyanamid  AA-1  screen  at 
500  psi,  forming  the  acid  insoluble  barrier.  The  electrode  was  incorporated  into 
the  half-cell  test  facility,  and  compared  with  a  standard  methanol  anode. 

The  performance  of  the  scaled-up  alginate  barrier  electrode  was  poorer 
than  its  smaller  1"  diameter  counterpart.  The  cathode  polarization  was  about  0.1 
volt  higher  at  comparable  test  concentrations.  Electrolyte  leakage  occurred  in 
tests  with  1  M  MeOH.  Table  E-2  summarizes  the  results  of  these  scale  up  tests. 

Table  E-2 


Performance  of  Scaled-Up  Sodium  Alginate  and  Electrode 


MeOH 

Cone , 

M 

Cell 

Voltage , 
volts 

Polarization 
at  40  ma/an,  volts 

IR  at 

100  ma/ cm2 , 
volts 

Anode 

Cathode 

0.50 

0.20 

0.38 

0.53 

0.215 

0.75 

0.16 

0.40 

0.55 

0.215 

1.0 

0.13 

0.40 

0.58 

0.215 

Test  Conditions  -  Air  Rate:  10  x  stoichiometric 

Fuel  Feed:  50%  Conversion/pass 
Temperature:  60°C 


Phase  3  -  High  Temperature  Structures 

Research  on  high  temperature  cathode  structures  has  been  conducted  in 
support  of  the  liquid  decane-air  total  cell  development  effort.  The  prime  objective 
of  this  program  was  to  develop  a  workable  air  electrode  for  inclusion  in  the  final 
multicell  assembly.  In  addition,  attempts  were  made  to  reduce  total  catalyst  load¬ 
ing.  These  cathodes  were  designed  to  operate  at  150°C  in  14.7  M  phosphoric  acid  elec¬ 
trolyte,  a  more  stringent  requirement  than  that  encountered  in  low  temperature 
cells.  As  a  result,  these  electrodes  must  be  interface-maintaining  even  after  re¬ 
peated  temperature  cycles.  Furthermore,  oxygen  or  air  transport  through  the  elec¬ 
trode  into  the  electrolyte  space  cannot  be  tolerated. 
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Part  a  -  Laminated  Cathodes 

Tests  already  reported  in  Task  B  indicated  that  the  50  mg/cm?  sintered 
platinum  Teflon  electrodes  failed  to  maintain  the  air  electrolyte  interface  after 
operating  in  the  1.5"  diameter  cells  for  100  hours.  The  use  of  Teflon  spray  coating 
improved  this  life  to  160  hours.  Examination  of  these  electrodes  indicated  that 
this  failure  was  due  to  severe  checking  and  cracking  of  the  electrode  surface, 
necessitating  some  auxiliary  interface  control  device. 

Preliminary  experiments  in  14.7  M  phosphoric  acid,  indicated  that  a 
porous  Teflon  film  applied  to  the  air  side  of  the  cathode  could  provide  the  inter¬ 
face  control  without  loss  in  electrode  performance.  Indeed,  with  a  properly  bonded 
coating,  significant  performance  improvements  could  be  obtained.  The  data  are  sum¬ 
marized  in  Table  E-3. 


Table  E-3 


Air  Performance  of  Clad  Cathodes 
(14.7  M  H3PO4-150°C,  3.5  mil  Porous  Teflon- 10  Micron  Pores) 


50  mg/cm2 

S.P.T.E. 

10  ma/cm2  Cyanamid  AA-1 

Polarization  from  Theoretical 
Oxygen  at  Indica ted  ma/cm*;  volts 

Polarization  from  Theoretical 
Oxygen  at  Indicated  ma/cm  %  volts 

50 

100 

50 

100 

No  cladding 

0.35 

0.45 

-- 

-- 

Placed  film 

0.35 

0.45 

0.37 

0.44 

Laminated  film(l) 

0.27 

0.30 

0.32 

0.37 

(1)  Lamination  procedures  differed  for  the  two  electrodes. 


Note  that  the  best  laminated  Cyanamid  AA-1  cathode  was  only  70  mv  poorer  than  the 
higher  loaded  sintered  platinum  Teflon  structure. 

To  further  optimize  this  effect,  a  study  of  the  effect  of  film  pore  dia¬ 
meter  and  porosity  on  air  and  oxygen  performance  was  conducted  using  the  14.7  M 
phosphoric  acid  electrolyte  (see  Appendix  E-4).  To  do  this,  porous  Teflon  films, 
obtained  from  Chemplast  Inc.,  were  laminated  to  the  catalyst  rich  side  of  the 
Cyanamid  AA-1  electrode  by  cold  pressing  at  1500  psi.  The  results  of  this  study, 
shown  in  Figure  E-3,  indicate  that  porosity  per  se  (in  the  range  of  50-907.)  does 
not  appear  to  affect  cathode  polarization.  However,  pore  diameter  appears  to  be 
critical,  with  a  pore  diameter  of  10-20  microns  being  optimum  on  oxygen,  while  the 
best  results  on  air  were  obtained  with  10  micron  pore  diameter  material.  Furthermore, 
scale-up  to  larger  (4"  x  4")  electrodes  presented  no  problem.  Because  of  the  more 
severe  sintering  conditions  used  in  the  50  mg/cm2  sintered  platinum  Teflon  cathode, 
the  simple  cold  press  lamination  procedure  could  not  be  applied  to  making  large 
electrodes,  although  cold  lamination  of  1.5"  diameter  electrodes  was  possible. 

These  cold  laminated  cathodes  were  prepared  by  removing  the  mold  release  agent  from 
the  screen  side  of  the  previously  formed  cathode  and  pressing  the  screen  side  to 
the  porous  Teflon  film.  The  resultant  1.5"  diameter  electrode  gave  0.27  and  0.24 
volts  polarization  at  50  and  100  ma/cm2,  respectively.  Larger  (4"  x  4")  cathodes 
could  not  be  prepared  by  this  technique,  because  the  Teflon-screen  bond  was  inadequate 
to  maintain  a  stable  configuration  even  with  pressures  as  high  as  8000  psi.  At  this 
latter  pressure,  a  performance  debit  of  100  mv  was  observed.  An  alternate  lamination 
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Figure  E-3 


Effect  of  Cladding  Pore 
Diameter  on  Cathode  Performance 


procedure  was  developed  for  the  large  electrode, which  was  similar  to  the  barrier 
cladding  technique  used  in  anode  preparation.  It  consisted  of  sintering  the  film 
to  the  precleaned  screen  side  of  the  cathode  at  349°C  and  1100  psi  for  one  minute. 
The  resultant  electrode  was  0.30  volts  polarized  on  air  at  100  ma/cm2.  From  the 
anode  work,  it  now  appears  that  adequate  laminates  can  be  obtained  by  sintering  at 
500  psi  for  only  15  seconds,  provided  the  film  is  placed  in  contact  with  the  lower 
heated  platen,  thus  avoiding  any  sintering  of  the  electrode. 

Part  b  -  Sintered  Carbon  Teflon  Cathode 

Efforts  to  reduce  cathode  catalyst  loading  have  centered  about  the  use  of 
the  sintered  carbon  Teflon  emulsion  electrode  structure  previously  developed  for 
butane  anodes.  Early  work  (4)  with  carbon  supported  cathodes  indicated  that  a 
1.3  mg/cm2  Pt  loading  was  possible  with  sulfuric  acid  electrolytes.  Preliminary  data 
obtained  during  oxygen  activation  of  the  butane  anodes  indicated  that  a  90  wt  7. 
platinized  carbon  10  wt  %  Teflon  emulsion  electrode  could  yield  good  oxygen  and  air 
performance  in  phosphoric  acid.  Consequently,  the  effect  of  sintering  temperature 
on  air  performance  was  examined  between  313  and  360°C, using  a  sintering  pressure  of 
2200  psi  of  one  minute  duration.  The  results  of  this  study  (Figure  E-4  and  Appendix 
E-5)  indicated  that  the  optimum  sintering  temperature  was  349°C.  However,  the  re- 
ponse  surface  was  somewhat  flatter  than  that  obtained  with  the  sintered  platinum 
Teflon  electrodes. 
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Figure  E-4 

Effect  of  Sintering  Temperature  on  Cathode  Performance 


The  effect  of  catalyst  thickness  was  examined  in  separate  experiments  using 
catalyst  zone  thicknesses  of  0.016  and  0.029  cm.  These  thicknesses  were  obtained 
using  catalyst  concentrations  ranging  from  6  to  24  wt  %.  The  results  of  these  ex¬ 
periments,  summarized  in  Table  E-4,  indicate  that  thickness  is  not  an  important 
parameter . 


Table  E-4 

Effect  of  Catalyst  Thickness  on  Cathode  Performance 


(14.7  M  H3PO4,  150°C) 


Catalyst 
Thickness,  cm 

Pt  Utilization  at  Indicated  Polarization,  ma/mg 

Oxygen  (0.35  volts) 

Air  (0.45  volts) 

2.5 

24.0 

38.0 

1 

20.2 

20.2 

5.0 


0.016 

0.029 


10.5 

14 


12 

13 


I  ,S.w«S>1 


However,  the  2.5  mg/cm*  thin  carbon  electrode  did  give  somewhat  higher  air  utiliza- 
tion  than  anticipated  from  oxygen  performance,  indicating  that  more  work  in  this 
area  is  required#  A  plot  of  oxygen  utilization  versus  catalyst  loading,  shown  in 
Figure  E-5,  indicates  that  for  catalyst  loadings  greater  than  1  mg/ cm2,  utilization 
decreases  monotonically  with  loading.  Included  in  this  figure  are  data  tor  both 
platinized  carbon  (6-24%)  and  platinum  on  silica  treated  carbon  (1-4%).  Air  utili¬ 
zation  response  was  similar  except  for  the  2.5  mg/cm2,  12%  platinized  catalyst. 

Figure  E-5 

Effect  of  Catalyst  Loading  on  Platinum  Utilization 


Part  c  -  Cathodes  for  Hydrocarbon-Air  Cell 

As  a  result  of  studies  discussed  in  Parts  a  and  b  above,  three  potentially 
useful  cathode  systems  have  been  developed  for  the  hydrocarbon-air  total  cell  system. 
These  include  (1)  a  50  mg/cm2  sintered  platinum  Teflon  electrode  laminated  to  a  3.5 
mil  porous  Teflon  film,  (2)  a  10  mg/cm2  American  Cyanamid  AA-1  electrode  laminated 
to  a  porous  Teflon  film  and  (3)  a  2.5  mg/cm2  sintered  carbon  Teflon  electrode  struc¬ 
ture.  The  air  performances  of  these  three  systems  are  shown  in  Figure  E-6. 
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Figure  E-6 


Air  Performance  of  Candidate 
Cathodes  for  Hydrocarbon-Air  Cell 


As  expected,  the  highest  loaded  cathode  gives  the  best  performance,  yielding  0.3 
volts  polarization  at  100  ma/cm2,  However,  the  fivefold  reduction  in  catalyst  loading 
obtained  in  going  from  the  laminated  S.P.T.E.  electrode  to  the  laminated  Cyanamid 
AA-1  structure  resulted  in  only  a  70  mv  debit  at  100  ma/cm2,  while  further  reduction 
to  2.5  mg  Pt/cm2  produced  an  additional  90  mv  debit.  Total  cell  tests  leading  to 
the  final  selection  were  discussed  previously  in  Task  B. 
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4.6  Task  F,  Methanol  Fuel  Cell 

Further  testing  of  single  cells  have  primarily  concentrated  on  the 
problems  of  reducing  the  chemical  oxidation  rates  in  the  large  9"  x  5-3/4"  cells. 
Emphasis  was  placed  on  evaluating  the  effectiveness  of  barriers  placed  between  the 
anode  and  cathode  to  reduce  methanol  migration,  and  on  decreasing  the  methanol  con¬ 
centration  required  at  the  anode  to  the  levels  permissible  with  the  smaller  cell 
design.  In  addition, work  was  carried  out  on  a  simplified  low  power  direct  feed 
cell. 

Phase  1  -  Use  of  Cathode  Diffusion  Barriers 

for  Reducing  Direct  Chemical  Oxidiation 

Work  in  the  preceding  period(_7)  indicated  that  the  use  of  felt  or  gel 
barriers  between  the  anode  and  cathode  of  a  total  cell  could  reduce  chemical 
oxidation  of  methanol  at  the  cathode.  Since  operating  conditions,  such  as  methanol 
concentration  and  temperature,  are  not  easily  controlled  or  measured  in  a  total 
cell,  the  barrier  effect  was  therefore  examined  under  better-defined  conditions 
using  a  half  cell.  The  tests  were  repeated  in  total  cell  operation. 

Part  a  -  Felt  Barriers 

The  half-cell  tests  were  carried  out  with  the  cathode  and  barrier 
clamped  to  the  side  arm  of  a  well- stirred  cell  described  previously(5) .  Electrolyte 
volume  was  large  enough  that  negligible  changes  in  methanol  concentration  occurred 
during  the  test  period.  Resistance- free  polarizations  were  measured  with  calomel 
reference  electrodes  connected  in  an  interrupter  circuit.  Direct  comparison  runs 
were  made  with  and  without  felt  diffusion  barriers  to  eliminate  variation  between 
electrodes,  errors  in  meter  calibration,  etc.  Complete  data  are  in  Appendix  F-l. 

The  tests  showed  that  the  addition  of  Dacron  felt  barriers  nbstantially 
reduces  direct  oxidation  by  about  30%.  Two  types  of  felt  were  used,  j0  and  #54. 

The  less  permeable  felt,  #54,  showed  a  slight,  10%  advantage  over  twe  more  open 
felt, (#5290) in  this  respect.  Some  scatter  in  the  data  occurred  at  the  lower 
current  densities  due  to  experimental  problems.  These  results  are  shown  in  Figure  F-l. 
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Figure  F-l 

Effect  of  Felt  Barrier  on  Direct  Oxidation 


As  shown  in  Figure  F-2,  the  felt  barrier  also  substantially  improves 
electrical  performance  of  the  cathode  by  reducing  the  methanol  concentration  at 
this  electrode.  This  is  in  contrast  with  the  somewhat  equivocal  results  with 
barriers  in  a  total  cell(_7)*  The  felt-protected  electrode  performed  electrically 
as  if  it  were  carrying  30  ma/cm^  less  current  and  is  actually  operating  at  15  ma/cm^ 
less  direct  oxidation.  This  suggests  that  a  given  rate  of  direct  oxidation  uses 
twice  as  many  cathode  sites  (for  methanol  as  well  as  oxygen)  as  the  corresponding 
electrochemical  consumption  of  oxygen. 
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Figure  F-2 

Effect  of  Felt  Barrier  on  Polarization 


Part  b  -  Membrane  Barriers 

Several  experiments  were  also  carried  out  to  determine  if  a  Permaplex  C-20 
membrane  could  substantially  reduce  methanol  diffusion  and  direct  oxidation.  This 
is  a  20  mil  thick  cation  exchange  membrane  manufactured  by  Permutit.  This  was  changed 
from  the  sodium  to  the  hydrogen  form  by  equilibrating  in  acid  for  several  hours  and 
was  then  pressed  to  the  Cyanamid  AA-1  cathode.  Figure  F-3  shows  that  this  sub¬ 
stantially  reduced  direct  oxidation  to  about  a  third  of  that  with  felt  or,  a  fifth 
of  that  with  no  barrier.  Electrical  performance  was  comparable  to  the  control, 
that  is,  without  the  Permutit  membrane  in  the  absence  of  methanol,  and  was  better 
than  the  control  with  methanol  present.  Complete  data  are  presented  in  Appendix  F-l. 
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Figure  F-3 
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Effect  of  Permaplex  Membrane  on  Direct  Oxidation 


Part  c  -  Barriers  in  Total  Cells 

Having  examined  the  effect  of  barriers  in  a  half  cell,  studies  were  con¬ 
ducted  again  in  a  total  cell.  Figure  F-4  shows  that  again  the  barrier  was  quite 
effective  in  reducing  chemical  oxidation.  Here,  chemical  oxidation  was  reduced  by 
about  a  factor  of  three.  Complete  data  are  given  in  Appendix  F-2.  However,  the 
effect  on  electrical  performance  was  less  clear  in  this  case,  because  of  inconstancy 
of  anode  polarization,  possibly  caused  by  gas  entrapment  in  the  felt  barrier  and 
a  change  in  cell  temperature  and  temperature  gradients.  Cathode  polarization  was 
generally  slightly  higher  in  runs  in  which  felt  was  used.  This  was  more  than  offset 
by  the  lower  chemical  oxidation.  Thus  the  use  of  these  barriers  holds  promise  for 
significantly  reducing  direct  methanol  oxidation  at  the  cathode. 


99 


}  mmm 


i 


Figure  F-4 

Effect  of  Barrier  in  Total  Cell  Operation 


Feed  Rate,  cc/hr 


Phase  2  -  Application  to  Large  Cells 

The  studies  on  methods  for  lowering  the  rates  of  chemical  oxidation  were 
also  extended  to  the  large  9"  x  5-3/4"  cells.  This  work  was  done  in  conjunction 
with  other  tests  aimed  at  reducing  the  required  methanol  concentration  in  these 
cells.  These  experiments  were  prompted  by  the  finding  that,  in  the  larger  cells, 
fuel  distribution  problems  existed  which  resulted  in  impaired  performance  at  low 
methanol  concentration. 

Part  a  -  Use  of  Baffles  in  the  Anode  Chambers 

A  series  of  experiments  was  carried  out  to  determine  whether  additional 
baffling  within  the  anode  chamber  would  improve  anode  performance.  In  initial 
preliminary  experiments,  the  chamber  was  simply  packed  with  glass  beads.  Sub¬ 
sequently,  Dacron  felt  baffles  were  installed.  The  types  of  baffling  configurations 
employed  are  shown  schematically  in  Figure  F-5. 
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Figure  F-5 

Schematic  of  Dacron  Baffling  Arrangement 


Electrode 


Fuel  Flow  Pattern 


The  use  of  glass  beads,  while  impractical  because  of  the  high  pressure 
drop  required  to  pump  electrolyte,  demonstrated  that  baffling  could  improve  anode 
performance  at  low  methanol  concentrations.  For  example,  with  1  vol  %  methanol 
and  12%  conversion  per  pass,  anode  polarization  was  only  0.31  volts.  However, 
the  addition  of  the  more  practical  Dacron  baffles  resulted  in  no  change  in 
performance.  These  data  are  presented  in  Appendix  F-3.  Thus,  more  work  on  baffle 
design  is  still  needed. 

Part  b  -  Internal  Multiple  Injection  Ports 

As  an  alternative  approach  to  improving  the  fuel  distribution  over  the 
anode,  polypropylene  tubes  were  extended  into  the  anolyte  chamber,  thus  permitting 
internal  fuel  distribution  over  the  anode  face.  A  schematic  of  the  design  is 
presented  in  Figure  F-6. 
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Figure  F-6 

Internal  Multiple  Injection  Ports 


A  B 


Table  F-l  sunmarizes  some  of  the  salient  test  results  of  two  Internal 
multiple  injection  designs.  No  significant  improvement  in  either  anode  or  cathode 
polarizations,  or  cell  IR  was  observed  when  the  data  were  compared  with  the  performance 
of  the  standard  configuration.  Complete  data,  which  include  repeated  tests  of  this 
cell  modification,  are  presented  in  Appendix  F-3.  These  data  further  substantiate 
the  conclusion  that  no  significant  improvement  was  made. 


Table  F-l 

Performance  of  Multiple  Injection  Systems 


Configuration 

Methanol 
Conv., 
vol  7o 

Conversion 

Per  Pass,  7. 

Cell  Voltage, 
volts 

Polarization  at 

40  ma/cm^,  volts 

Anode 

Cathode 

A 

2 

50 

0.38 

0.38 

0.36 

3 

50 

0.40 

0.34 

0.38 

B 

2 

50 

0.38 

0.37 

0.38 

3 

25 

0.32 

0.37 

0.44 

Standard 

2 

50 

0.40 

0.39 

0.35 

3 

50 

0.38 

0.38 

0.37 

I 

I 

1 

1 
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Part  c  -  Double  Portless  Anode  System 

In  another  approach  to  reducing  chemical  oxidation,  a  test  configuration 
consisting  of  two  conventional  anodes,  with  a  gold  current  collector  sandwiched 
between  them,  and  a  Permion  membrane  clad  Cyanamid  AA-1  cathode  was  tested  in  the 
9"  x  5-3/4"  cell.  The  anode  nearest  the  cathode  contained  carbon  dioxide  rejection 
ports;  carbon  dioxide  was  rejected  through  slits  cut  in  a  gasket  separating  anode 
and  cathode. 

The  initial  results  of  tests  using  this  cell  design  were  encouraging. 
Table  F-2  summarizes  some  test  results.  Anode  and  cathode  polarizations  were  lower 
than  that  derived  from  the  standard  configuration.  On  the  other  hand,  the  cell 
internal  resistance  was  also  higher,  resulting  in  a  total  cell  voltage  which  was 
about  the  same  as  that  obtained  in  the  unmodified  cell.  However,  further  tests 
carried  out  with  this  configuration  gave  less  impressive  results.  These  are 
presented  in  Appendix  F-3. 


Table  F-2 


Performance  of  Double  Portless  Anode  Test  Configuration 


Conversion* 
Pass,  7o 

Cell  Voltage, 
volts 

Polarization  at 

40  ma/cm^,  volts 

Ohmic  Loss, 
volts 

Anode 

Cathode 

12.5 

0.40 

0.34 

0.38 

.095 

25.0 

0.40 

0.35 

0.38 

.095 

50.0 

0.40 

0.33 

0.37 

.095 

*Methanol  concentration,  3  vol  %. 


Part  d  -  Performance  of  Systems 

Incorporating  Methanol  Diffusion  Barriers 

Attempts  to  use  the  previously  discussed  barriers  to  reduce  chemical  oxi¬ 
dation  at  the  cathode  were  made  during  the  past  interim.  Combinations  of  32  mil 
Dacron  felt  (with  and  without  bubble  disengaging  spac°rs)  and  Nalfilm  membranes  were 
tested.  In  addition,  a  system  consisting  of  two  Permion  membranes  was  also  evaluated. 
Appendix  F-4  depicts  a  schematic  of  the  barrier  set-ups.  The  results  of  this  study 
are  presented  in  Table  F-3.  More  complete  information  may  be  found  in  Appendix  F-5. 

In  all  of  the  configurations  tested,  total  cell  performance  was  poorer 
than  for  the  conventionally  assembled  cell  at  comparable  conditions.  Most  of  the 
performance  loss  in  the  barrier  systems  appeared  to  come  from  higher  internal  re¬ 
sistance.  Chemical  oxidation  was  not  significantly  decreased  as  indicated  by  the 
carbon  dioxide  content  in  the  spent  air  stream.  This  is  illustrated  in  Table  F-3. 
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Table  F-3 


Systems  Incorporating  Barriers 


MeOH 

Cell 

Ohmic 

Equivalent  Chemical 

Cone, 

Voltage, 

Polarization,  volts 

Loss, 

Oxidation  Current, 

|  Added  Barrier 

vol  % 

volts 

Anode 

Cathode 

volts 

ma/cm^ 

None 

3 

0.40 

0.35 

0.37 

0.08 

16 

Dacron  felt 

3 

0.34 

0.42 

0.34 

0.10 

17 

Dacron  felt 
Spacer 

+ 

3 

0.37 

0.39 

0.33 

0.11 

-- 

Dacron  felt 

+ 

Spacer  + 
Nalfilm 

2 

0.0 

0.36 

0.64 

0.20 

7 

Two  Permion 
membranes 

2 

0.27 

0.35 

0.48 

0.120 

17 

These  differences  in  results  between  the  4"  x  4"  and  9"  x  5-3/4"  cells 
indicate  that  the  nature  and  type  of  baffling  or  barriers  used  to  reduce  chemical 
oxidation  depend  on  details  of  the  actual  cell  design  used.  Thus,  the  reduction 
in  chemical  oxidation  in  the  large  9"  x  5-3/4"  cell  will  require  extensive  design 
changes  to  make  this  system  operate  as  efficiently  as  the  smaller  unit. 

Phase  3  -  Simplified  Low  Power  Methanol  Fuel  Cells 

In  the  previous  report  (2),  a  description  and  performance  curves  were  given 
for  a  methanol  cell  which  had  its  cathode  directly  exposed  to  the  air.  This  per¬ 
mitted  operation  without  an  auxiliary  blower  for  air  supply.  The  cell  has  now  been 
further  modified  to  eliminate  electrolyte  circulation  or  methanol  feed  pumps.  It 
is  being  run  with  direct  methanol  feed  via  a  wicking  system.  The  cell  is  thus  a 
completely  self-contained  system  having  no  auxiliaries  or  moving  parts. 


Part  a  -  Cell  Operation 

The  cell  was  operated  for  3000  hours  unattended  except  for  bi-weekly  re¬ 
filling  of  the  fuel  tank  and  occasional  electrolyte  addition  to  make  up  for  evapor¬ 
ation  and  leakage.  The  load,  a  demonstration  flashing  buoy  light,  consumed  60  ma 
(0.6  ma/cnr)  at  0.6  volts.  The  methanol  feed  rate  was  0.86  cc  per  day  for  a  stoich¬ 
iometric  requirement  of  0.36  cc  per  day.  The  excess  was  directly  oxidized  at  the 
cathode.  The  wicking  system  used  was  not  suitable  for  closer  control  at  these  low 
flow  rates,  hence  the  higher  chemical  oxidation  rates.  However,  this  cell  does 
demonstrate  the  feasibility  of  low  power  systems  without  auxiliaries  for  long  term 
unattended  operation. 
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4.7  Task  G>  Prototype  Development 


Engineering  research  has  continued  on  the  development  of  a  methanol-air 
prototype  fuel  cell  battery.  Emphasis  was  placed  on  improving  the  operation  of 
multicell  stacks  and  on  the  development  of  the  auxiliary  and  control  systems  re¬ 
quired  for  the  self-sustained  operation  of  the  fuel  cell  battery. 

Phase  1  -  Operating  Characteristics  of 
the  Sixteen  Cell  Stack _ 

Additional  testing  of  the  sixteen  cell  stack  containing  9"  x  5-3/4"  elec 
trodes  was  conducted  to  define  the  effect  of  time  on  performance  and  to  evaluate 
modifications  for  improving  stack  operation. 

Part  a  -  Performance  of  Sixteen  Cell  Stack  With  Time 


Testing  of  the  sixteen  cell  stack  was  extended  to  485  hours  on  current 
load  over  a  seven  month  period.  Only  a  moderate  decline  in  performance  was  noted 
during  the  first  275  hours  on  load,  from  7.3  volts  to  6.8  volts  at  40  ma/cm^.  How 
ever,  performance  declined  to  5.2  volts  after  485  hours  of  operation,  as  shown  in 
Figure  G-l.  The  maximum  power  output  decreased  correspondingly,  from  120  watts 
initially  to  68  watts  at  the  end  of  the  test  period. 


Figure  G-l 

Performance  Stability  with  Time 


105 


Average  Cell  Potential,  volts 
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Most  of  the  performance  loss  occurred  after  400  hours  of  testing,  as 
shown  in  Figure  G-2. 


Figure  G-2 

Effect  of  Time  on  Cell  Voltage 


0  100  200  300  400  500 

Time  on  Load,  hours 


A  detailed  study  of  electrode  performance  showed  that  increased  anode  polarization 
was  responsible  for  most  of  the  performance  loss.  Anode  polarization  increased 
significantly  after  485  hours  of  testing,  from  0.29  volts  to  40.0  volts  at  40  ma/ 
cmS  as  shown  in  Table  G-l.  Slightly  increased  ohmic  losses  were  also  noted. 


Table  G-l 

Effect  of  Time  on  Average  Cell  Performance 


Time  on  Current  Load,  hrs 

Vol tage 

1 

485 

Cell  Voltage 

0.44  +  0.03 

0.34  +  0.02 

Anode  Polarization,  volts 

0.29  +  0.05 

0.40  +  0.03 

Cathode  Polarization,  volts 

0.43  +  0.05 

0.40  +  0.03 

Ohmic  Loss,  volts 

0.05  +  0.00 

0.07  +  0.02 

16  Cell  Stack;  0.75  M  CH30H  in 

8  times  stoichiometric  air  rate 

3.7  M  H2SO4;  507,  Conversion; 

;  60-70°C. 
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The  decline  in  performance  after  400  hours  is  attributed  to  severe  up¬ 
sets  that  occurred  during  the  development  of  the  integrated  methanol  addition  con¬ 
trol  system  described  below  in  Phase  2.  These  upsets  resulted  in  frequent  periods 
of  prolonged  methanol  starvation,  resulting  in  anode  overpolarization  and  elec¬ 
trolyte  discoloration.  Also,  excessive  amounts  of  methanol  were  occasionally  fed 
to  the  stack,  resulting  in  temperatures  in  excess  of  90°C.  Thus,  the  performance 
losses  noted  above  are  not  regarded  as  typical  of  those  to  be  expected  from  routine 
operation  of  the  methanol-air  fuel  cell  system. 

Inspection  of  the  anodes  showed  that  catalyst  retention  on  the  9"  x  5-3/4" 
anodes  was,  in  general,  excellent.  Only  one  anode  showed  signs  of  marked  catalyst 
loss.  The  remaining  fifteen  anodes  contained  minor  pin  holes.  These  pin  holes 
apparently  had  no  effect  on  the  rate  of  methanol  transport  through  the  anodes  into  the 
electrolyte  chamber  adjacent  to  the  cathodes.  Thus,  chemical  oxidation  levels  were 
essentially  the  same  throughout  the  test  period.  For  example,  operation  at  40  ma/ 
cm^  with  0.75  M  methanol  at  507.  conversion  per  pass  gave  chemical  oxidation  rates 
of  about  20  to  25  ma/cm2,  independent  of  stack  history. 

Similarly,  the  cathodes  appeared  intact.  Although  the  Permion  1010  mem¬ 
branes  were  discolored,  they  remained  firmly  bonded  to  the  cathode  surface.  Opera¬ 
tion  at  excessive  temperatures  may  have  collapsed  some  membrane  pores,  resulting  in 
the  moderate  increase  in  cell  ohmic  losses  noted  earlier. 

Additional  data  are  presented  in  Appendix  G-l  to  G-3.  Complete  details 
of  the  stack  components  and  assembly  procedures  were  reported  earlier  (J_) . 

Part  b  -  Thermal  Characteristics  of 
the  Sixteen  Cell  Stack 


Previous  studies  showed  that  wide  temperature  distributions  existed  within 
the  sixteen  cell  stack  (7).  These  were  caused  primarily  by  the  introduction  of 
electrolyte  into  one  side  of  the  stack  through  the  parallel- flow  manifold  system. 

The  electrolyte  picked  up  heat  from  the  manifold  walls  and  entered  succeeding  cells 
at  higher  temperature,  so  that  the  interior  cells  approached  the  90°C  ceiling  temper¬ 
ature  imposed  by  the  use  of  polypropylene  frames. 

Therefore,  the  electrolyte  flow  path  through  the  sixteen  cell  stack  was 
altered.  A  dual-entry  system  was  provided.  This  was  done  by  inserting  plugs  in 
the  feed  inlet  manifolds  between  the  center  cells,  as  shown  schematically  in  Figure 
G-3. 


Altering  the  flow  path  markedly  improved  the  temperature  distribution 
within  the  sixteen  cell  stack.  As  illustrated  in  Figure  0-4,  individual  cell 
temperatures  under  typical  operating  conditions  ranged  from  57  to  68  C  using  the 
dual-entry  feed  manifold,  compared  with  a  range  of  46  to  75°C  obtained  with  the 
older,  single-entry  manifold.  The  new  temperature  distribution  remained  flat,  even 
at  more  severe  operating  conditions.  Complete  data  are  given  in  Appendix  G-4. 
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Schematic  Comparison  of  Feed  Inlet  Systems 
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Cell  Position 


Feed  distribution  remained  unaffected  by  the  change-over  to  the  dual¬ 
entry  system.  Thus,  average  cell  performance  and  anode  polarization  were  essentially 
the  same  in  either  half  of  the  sixteen  cell  module,  as  shown  in  Table  G-2.  Com¬ 
plete  data  are  presented  in  Appendix  G-5. 


Table  G-2 


Effect  of  Dual-Feed  System  on  Cell  Performance 


Cell  Group 

Cell  Potential, 
volts 

Anode  Polarization, 
volts 

1  to  8 

0.38  +  0.05 

0.40  +  0.03 

9  to  16 

0.41  +  0.04 

0.39  +  0.02 

40  ma/ cm2,  0.62  M  CH3OH  in  3.7  M  H2S04 
8  times  Stoichiometric  Air  Rate 

at  50%  Conversion, 

Part  c  -  Miscellaneous  Sixteen  Cell  Stack  Studies 

Evolution  of  carbon  dioxide  causes  the  displacement  of  electrolyte  from 
within  the  anolyte  chambers  of  the  methanol  fuel  cell.  Provision  must  be  made  for 
storing  this  displaced  electrolyte  during  operation  and  for  its  return  prior  to 
shutdown.  Previous  studies  have  shown  that  prolonged  storage  of  exposed  electrodes 
can  result  in  performance  debits  (2)*  Therefore,  a  study  was  made  of  the  extent  of 
electrolyte  displacement  from  within  the  9"  x  5-3/4"  cells  of  the  sixteen  cell  stack. 
Both  steady  state  and  transient  data  were  obtained. 

Steady  state  displacements  of  up  to  400  cc  were  noted  for  operation  at 
maximum  gas  evolution  rates,  as  shown  in  Figure  G-5.  About  10  minutes  at  high 
current  loads  and  20  minutes  at  low  loads  were  required  to  achieve  steady  state. 
Subsequent  studies  showed  that  pump  rates  of  200  cc/min  could  be  obtained  from  the 
proposed  electrolyte  gear  pump  being  developed  for  the  integrated  methanol  battery 
system.  Therefore,  a  pump-back  time  of  about  two  minutes  appears  feasible  for  re¬ 
filling  the  multicell  stack  prior  to  shutdown.  Complete  data  are  listed  in  Appendix 
G-6. 
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Figure  G-5 


Effect  of  Current  Load  on  Electrolyte  Displacement 


Phase  2  -  Development  of  Auxiliary  and  Control  Systems 

for  the  Methanol  Fuel  Cell  Battery  Demonstrator 

An  extensive  development  program  was  conducted  to  design,  construct  and 
test  the  necessary  compact  auxiliary  equipment  required  for  the  operation  of  the 
integrated  Methanol  Fuel  Cell  Battery  Demonstrator.  These  auxiliaries  included 
the  electrolyte  circulation  and  concentration  control  systems,  the  air  supply  system, 
the  methanol  concentration  control  system,  and  the  associated  electronic  control 
systems. 

Part  a  -  Electrolyte  Circulation  System 

The  development  of  a  compact,  low-power,  corrosion-free,  electrolyte  gear 
pump  was  described  in  a  previous  report  (7).  This  submerged- type  pump  is  used  to 
circulate  electrolyte  from  the  battery  reservoir  or  sump  system  to  the  fuel  cell 
stack.  The  pump  was  incorporated  into  an  assembly  that  included  an  E.  V.  Hill  pump 
motor,  a  rotameter  to  monitor  the  flow  rate,  and  a  check  valve  to  prevent  backflow 
from  the  elevated  stack  assembly.  A  2/1  reduction  ratio  gear  box  was  used  to  aug¬ 
ment  the  torque  output  of  the  motor,  thus  improving  reliability  at  low  flow  rates. 

A  picture  of  the  assembly  is  shown  in  Appendix  G-6. 

The  pump  delivered  more  than  200  cc/min  against  a  12  inch  electrolyte  head 
with  power  consumption  levels  of  0.10  to  0.36  watts.  The  pump  was  operated  without 
difficulty  for  several  hundred  hours,  both  in  separate  test  assemblies  and  as  part 
of  an  integrated  battery  system.  Additional  details  are  given  in  Appendices  G-8 
and  G-9. 
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Part  b  -  Water  Addition  System 


Previous  studies  showed  that  more  water  leaves  a  fuel  cell  module  via  the 
exhaust  air  stream  than  is  produced  by  the  oxidation  of  methanol  (7).  Some,  but  not 
all,  of  this  excess  will  be  recovered  by  the  air  auxiliary  system  described  below. 
Thus,  provision  must  be  made  to  add  water  to  the  circulating  electrolyte  to  main¬ 
tain  the  acid  concentration  at  the  desired  level  of  3.7  M  sulfuric  acid. 

The  approach  of  using  the  electrolyte  level  within  the  system  to  control 
water  balancing  suffered  from  the  fact  that  the  apparent  liquid  volume  increases 
with  increasing  current,  because  of  the  large  amounts  of  carbon  dioxide  produced  at 
the  anode  and  rejected  through  the  electrolyte.  Because  of  this  factor,  a  hydro¬ 
meter  was  developed  for  controlling  acid  concentration. 

The  hydrometer  consists  of  a  spherical  float  attached  to  a  metal  core  at 
the  bottom  and  suspended  by  several  weighted  chains.  This  device  is  depicted  in 
Figure  G-6  and  Appendices  G-7  and  G-9.  As  the  acid  becomes  concentrated,  the  float 
rises  and  readjusts  to  a  new  equilibrium  as  a  result  of  its  picking  up  some  of  the 
chain  weight.  The  change  in  density  of  the  float  with  temperature  compensates  for 
the  density  change  of  the  electrolyte. 

Figure  G-6 

Acid  Hydrometer  for  Water  Balancing 


Acid  concentration  is  controlled  by  adding  water  through  a  motor-driven 
valve  so  that  the  maximum  sulfuric  acid  concentration  is  about  4.2  M.  A  Globe 
Model  No.  98A102-8  motor  and  495/1  reduction  ratio  gear  box  were  used  for  this 
purpose.  The  water  valve  is  actuated  by  a  controller  which  detects  the  position 
of  the  metal  core  below  the  float  by  means  of  radio- frequency  coils.  An  upper  coil 
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controls  water  addition,  while  the  lower  coil  activates  a  signal  light  indicating 
that  the  acid  has  been  diluted  to  about  3.3  M.  About  0.25  watts  of  parasitic  power 
are  required  to  operate  the  valve  motor.  Details  of  the  control  system  are  presented 
in  Appendix  G-13. 

The  make-up  water  supply  is  obtained  from  the  main  water  tank.  This  tank 
releases  water  on  demand,  using  a  self-actuated  air  displacement  principle,  closely 
resembling  the  action  of  the  constant-level  feeding  system  used  with  kerosene  heaters. 
A  drawing  of  the  main  water  tank  is  given  in  Appendix  G-9.  Additional  details  of 
the  final  flow  systems  are  presented  later  in  Phase  3. 

Part  c  -  Air  Auxiliary  System 

Ambient  air  must  be  provided  to  the  fuel  cell  stack.  In  addition  to  its 
function  as  a  reactant,  flowing  air  may  be  used  to  control  stack  temperature  by 
adjusting  the  rate  of  water  removal  from  the  cells.  However,  most  of  this  water 
must  be  recovered  to  maintain  a  reasonable  water  balance.  Therefore,  work  was  con¬ 
ducted  to  develop  such  a  system. 

A  survey  of  available  blowers,  and  their  associated  power  demands,  quickly 
showed  that  only  a  low  pressure  drop  air  auxiliary  system  would  allow  operation  at 
low  parasitic  power  levels.  These  studies  indicated  that  pressure  drop  should  not 
exceed  0.26  inches  of  water.  An  estimated  pressure  drop  distribution  among  the 
proposed  air  auxiliary  system  components  is  given  in  Table  G-3. 

Table  G-3 


Estimated  Pressure  Drop  Distribution 


Flow  Path 

Estimated  Maximum  Allowable 
Pressure  Drop,  inches 

From  Blower  through  Water 

Economy  Unit 

0.02 

Through  Stack 

0.05 

Through  Knock-out  Pot 

0.02 

Through  Air  Condenser 

Tubes 

0.10 

Expansion  and  Contraction 

0.05 

Through  Water  Economy  Unit 

to  Final  Exhaust 

0.02 

Total  ' 

0.26 

(1)  At  70,000  cc/min  maximum  anticipated  air  rate. 

A  modified  Lytron  Model  4515  condenser,  consisting  of  twelve  5"  unfinned 
aluminum  tubes  connected  in  parallel,  was  selected  to  recover  the  water  in  the  ex¬ 
haust  air  stream  leaving  the  fuel  cell  stack.  Initial  tests  with  an  unmodified 
condenser  having  internal  extended-surface  tubes  showed  that  pressure  drop  through 
the  unit  would  be  excessive,  about  five  inches  of  water  at  40,000  cc/min  air  flow 
rate.  The  modified  unit,  on  die  other  hand,  gave  0.04  inches  of  water  pressure 
drop  at  the  same  air  rate.  A  photograph  of  the  modified  condenser  is  presented  in 
Appendix  G-7. 
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The  condenser  performed  satisfactorily  in  bench-scale  tests.  Simulated, 
wet,  stack  exhaust  air  flowing  at  20,000  cc/min,  was  cooled  from  56°C  to  33°C. 

Cooling  air  at  26°C  was  supplied  by  a  small  four-bladed  fan  operated  with  an  E.  V. 
Hill  motor.  About  0.7  watts  of  parasitic  power  were  consumed.  Addition  test  data 
are  given  in  Appendix  G-10 

The  exhaust  air  from  the  stack  may  contain  entrained  acid  droplets  that 
have  leaked  through  defective  membranes  within  the  fuel  cell  stack.  Therefore,  a 
knock-out  pot  was  included  between  the  stack  exhaust  duct  and  the  air  condenser  to 
prevent  excessive  corrosion  of  the  aluminum  condenser  tubes.  This  was  done  primarily 
to  extend  the  service  life  of  the  condenser,  rather  than  to  prevent  a  buildup  of 
aluminum  sulfate  in  the  electrolyte.  Earlier  studies  had  shown  that  anode  perform¬ 
ance  was  unaffected  by  the  presence  of  this  salt. 

A  membrane  humidity  exchanger,  cr  water  economy  unit,  was  developed  to  re¬ 
move  additional  water  from  the  cooled  exhaust  stream  leaving  the  air  condenser.  The 
device  consists  of  a  Nalfilm  30  membrane  separating  two  polypropylene  air  passages 
in  which  fresh,  ambient  air  and  exhaust  air  flow  countercurrently,  as  shown  in 
Figure  G-7.  The  membrane  is  permeable  to  moisture  and  permits  the  exhaust  air  to 
transfer  water  and  heat  to  the  fresh  air  stream,  thus  leaving  the  battery  at  temper¬ 
atures  and  humidities  approaching  ambient  conditions.  The  membrane  has  high  water 
permeability,  via  a  pore  condensation  mechanism,  and  is  acid-resistant. 

Figure  G-7 

Water  Economy  Unit 


Two  models  of  the  water  economy  unit  were  evaluated.  The  model  selected 
for  use  in  the  Battery  Demonstrator  was  chosen  on  the  basis  of  its  lower  pressure 
drop,  less  than  0.02  inches  of  water  at  A0, 000  cc/min  air  flow  rate.  Although  the 
rejected  model  gave  higher  water  transfer  rates,  its  pressure  drop  was  excessive 
for  this  application.  Performance  data  on  these  units  is  given  in  Appendix  G-ll. 

A  drawing  of  the  final  unit  is  presented  Appendix  G-9. 
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In  addition  to  the  air  condenser  and  the  water  economy  unit,  an  electrolyt 
cooler  was  developed  to  provide  additional  means  for  dissipating  stack  heat.  The 
cooler  was  constructed  from  tantalum  tubing.  Stainless  steel  extended  surfaces 
were  used  to  increase  heat  transfer  rates.  The  unit  was  integrated  with  the  air 
condenser,  thus  using  a  common  blower  to  supply  cooling  air.  Additional  details 
are  given  in  Appendices  G-7  and  G-9. 

Part  d  -  Methanol  Addition  System 

Methanol  concentration  control  represents  a  critical  system  in  the  Battery 
Demonstrator.  Close  control  of  the  methanol  concentration  within  relatively  narrow 
limits  is  essential  to  the  maintenance  of  both  good  performance  and  long  life.  The 
approach  taken  to  provide  this  control  was  to  develop  a  methanol  analyzer  employing 
a  new  detection  concept  (7).  This  technique,  in  essence,  measures  the  current  of 
a  small  electrode  under  conditions  where  methanol  transport  to  this  detecting  elec¬ 
trode  is  limited  by  a  membrane  rather  than  by  the  catalyzed  reaction.  In  this 
situation,  the  current  is  essentially  independent  of  factors  causing  changes  in 
catalyst  activity  or  electrode  performance. 

An  alternative  approach  was  to  develop  a  feed  pump  that  would  add  pro¬ 
grammed  amounts  of  methanol  to  the  circulating  electrolyte,  based  on  battery  load. 
However,  it  was  felt  that  the  latter  control  scheme  would  lack  flexibility,  and 
that  it  would  be  difficult  to  construct  a  reliable,  low  power  pump  for  delivering 
very  low  flow  rates. 

The  methanol  control  system  was  evaluated  in  conjunction  with  the  sixteen 
cell  stack.  Integration  of  these  systems  proved  troublesome.  The  major  problem 
areas  that  induced  control  instabilities  were  identified  as  system  dead  time  and 
analyzer  anode  reliability.  Response  studies  showed  that  minimum  time  lag  was  re¬ 
quired  between  the  methanol  injection  point  and  the  detecting  analyzer.  Considerabl 
effort  was  also  directed  toward  developing  a  long-lived  anode. 

Successful  operation  was  finally  achieved  and  resulted  in  maximum  methanol 
concentration  limits  of  about  +  0.1  M  about  the  desired  control  point  of  0.75  M. 

The  system  appeared  stable  during  load  changes  between  0  and  80  ma/cm2.  The  power 
requirement  to  operate  the  feed  valve  was  about  0.25  watts.  Additional  details  of 
the  methanol  control  system  are  presented  in  Appendix  G-12. 

Part  e  -  Electronic  Control  Systems 

Integration  of  the  process  subsystems  described  above  is  required  for  the 
operation  of  a  self-sustained  battery  system.  Therefore,  compact  electronic  con¬ 
trols  were  developed  to  ensure  a  successful  meshing  of  these  systems.  The  process 
functions  to  be  controlled  included  the  electrolyte  and  air  flow  rates,  and  the 
methanol  and  water  addition  rates.  In  addition,  a  series-regulation  circuit  was 
devised  to  regulate  the  voltage  output  of  the  Battery  Demonstrator  at  6.0  +  0.1 
volts.  Complete  details  of  the  control  systems  are  given  in  Appendix  G-13. 

Phase  3  -  Self-Contained  Methanol  Fuel 
Cell  Battery  Demonstrator 

A  self-contained  Methanol  Fuel  Cell  Battery  Demonstrator  was  designed  and 
constructed  using  the  technology  discussed  in  this  and  previous  reports  Q  through 
_7)  •  This  Demonstrator,  while  not  meeting  the  standards  of  a  prototype,  will  help 
to  evaluate  the  problems  inherent  in  the  operation  of  a  completely  integrated 
methanol  fuel  cell  system.  As  such,  the  unit  must  be  considered  a  research  tool. 

The  Demonstrator  was  tested  briefly  prior  to  delivery  to  the  U.S.  Army  Electronics 
Command  in  January,  1966. 


Part  a  -  Description  of  the  Battery  Demonstrator 


The  demonstrator,  shown  in  Figure  G-8,  consists  of  a  finished  piece  of 
hardware  containing  the  essential  elements  for  the  self-sustained  operation  of  the 
methanol  fuel  cell. 


Included  in  tne  aluminum  case  are  the  stack  assembly,  methanol  feed  and  water  make¬ 
up  tanks,  an  air  tuower,  electrolyte  circulation  pump,  a  heat  and  water  system,  and 
the  necessary  controls.  The  interrelationships  among  these  components  are  schem¬ 
atically  shown  in  Figure  G-9,  and  in  greater  detail  in  Appendix  G-14. 

In  this  system,  methanol  and  water  are  added  to  the  electrolyte  that  cir¬ 
culates  through  the  stack  assembly  and  the  heat  and  water  balance  system.  Air  is 
also  fed  to  and  vented  from  ''he  battery  assembly  through  the  heat  and  water  recovery 
system.  Provision  is  made  for  regulating  the  electrical  output  of  the  Demonstrator 
at  6.0+  0.1  vol ts. 
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Figure  G-9 


Simplified  Schematic  Flow 
Plan  of  Complete  Methanol  Battery 


Water 

Heat  Economy 

Exchanger  Stack  Unit  Blower 


As  delivered,  the  unit  weighed  9 U  lbs  and  occupied  3.5  cu  ft.  No  attempt 
was  made  to  optimize  the  weight  of  the  system  components,  or  to  assemble  an  overly 
compact  device.  Rather,  in  keeping  with  the  research  character  of  the  Demonstrator 
and  the  timing  requirements  involved,  the  unit  was  designed  to  be  accessible  for 
inspection  and  maintenance.  In  addition,  a  Performance  Monitor  was  provided  to 
help  diagnose  the  operation  of  the  key  Demonstrator  subsystems.  The  Monitor  is 
described  in  Appendix  G-13. 

Part  b  -  Components  of  the  Battery  Demonstrator 

A  twenty  cell  stack  containing  9"  x  5-3/4"  electrodes  provided  the  main 
electrical  power  for  the  Demonstrator.  Standard  components  and  assembly  procedures 
were  used,  as  described  in  previous  reports  (6,2).  Modifications  included  the  use 
of  redesigned  air  inlet  and  outlet  manifolds  to  reduce  pressure  drop  through  the 
stack,  and  sturdier  electrolyte  outlet  manifolds  to  reduce  leakage.  The  modified 
components  are  shown  in  Appendix  G-7,  Figure  G-8.  The  dual-entry  feed  manifold  was 
also  used,  as  described  in  Phase  2.  Finally,  several  cells  contained  hydrogen 
reference  electrodes  and  temperature-indicating  thermistors  to  aid  in  performance 
evaluation. 
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Preliminary  tests  were  conducted  on  the  stack  assembly  Itself  to  ascertain 
Its  performance.  These  tests  were  conducted  using  once-through  electrolyte  contain* 
Lnt  0  .75  M  methanol,  fed  with  a  Mace  diaphragm  pump,  and  laboratory  air.  Initial 
average  cell  performance  was  slightly  below  that  obtained  in  the  best  sixteen  cell 
itack,  as  shown  in  Figure  G-10.  Thus,  cell  voltage  at  40  ma/cm2  was  0.41  volts 
compared  with  0.46  volts  for  the  smaller  stack.  Reactant  distribution  problems 
nty  account  for  the  difference.  Initial  anode  polarizations,  in  general,  were 
ligher  for  the  twenty  cell  stack.  Complete  data  aie  given  in  Appendix  G-15. 


Figure  G-10 

Comparison  of  Initial  Performance  in  Multicell  Stacks 


The  design  and  construction  of  the  auxiliary  subsystems  was  discussed  in 
Phase  2  of  this  Task.  The  units  were  connected  together  mainly  with  polypropylene 
tubing  and  fittings.  Most  of  the  electrolyte  lines  were  treated  with  graphite  mold- 
release  powder  to  improve  their  wetting  and  flow  characteristics. 

Part  c  -  Operation  of  the  Battery  Demonstrator 

The  Demonstrator  was  designed  to  be  self-operating,  requring  minimum 
operational  adjustments.  A  three-position  master  switch  controls  the  Demonstrator. 
The  positions  are  OFF,  STAND-BY,  and  REGULATED  POWER.  In  the  STAND-BY  position, 
power  to  operate  the  various  subsystems  is  su  plied  by  internally  mounted  mercury 
dry  cells.  During  start-up  conditions  in  STAND-BY,  the  fuel  cell  stack  is  activated 
for  subsequent  use.  During  shutdown,  this  switch  position  permits  the  electrolyte 
circulation  system  to  displace  carbon  dioxide  gas  from  the  fuel  cell  stack.  About 
two  to  three  minutes  are  required  for  either  function. 
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In  the  REGULATED  POWER  position,  the  Demonstrator  Is  truly  self-operating, 
with  the  fuel  cell  stack  supplying  all  power,  both  for  internal  parasitic  needs  and 
for  the  external  6  volt  regulated  output  circuit.  Additional  operating  details 
are  given  in  Appendix  G-16.  Use  of  the  Performance  Monitor  as  a  diagnostic  tool  is 
also  discussed. 

Part  d  -  Performance  of  the  Battery  Demonstrator 

Construction  of  the  Demonstrator  was  completed  only  recently  and  con¬ 
sequently  few  test  results  are  available.  Initial  testing  of  the  integrated 
assembly  was  performed  with  the  electronic  control  panels  mounted  externally.  Per¬ 
formance  was  good  during  these  short-term  tests.  Regulated  power  outputs  of  up  to 
82  watts  at  6.0  volts  and  13.3  amps  were  obtained,  as  shown  in  Figure  G-ll.  Cor¬ 
responding  stack  performance  was  99  watts  at  7.0  volts  and  14.1  amps.  Additional 
data  are  given  in  Appendix  G-17. 


Figure  G-ll 


Initial  Performance  of  Integrated  System 


Cell  voltage  distribution  data,  taken  at  this  time,  showed  that  perform¬ 
ance  in  several  cells  was  much  lower  than  average,  as  depicted  in  Figure  G-12. 
Diagnostic  tests  did  not  clearly  identify  the  cause  of  this  poor  performance,  but 
faulty  cathodes  were  suspected.  During  subsequent  tests,  cell  20  failed  completely 
and  was  reconnected  in  parallel  electrically  with  adjacent  cell  19.  Complete  cell 
distribution  data  are  given  in  Appendix  G-18 
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Cell  Potential,  volts 
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An  estimate  was  made  of  the  distribution  of  parasitic  power  losses  in  the 
Demonstrator.  As  shown  in  Table  G-4,  most  of  the  losses  were  associated  with  the 
voltage  regulation  circuits. 


Table  G-4 

Typical  Distribution  of  Power  Output 

Stack  Performance  99  watts(l) 
Demonstrator  Output  82  watts^) 
Power  Losses  17  watts 


System 

Motor  Losses, 
watts 

Control  Circuitry 
Losses,  watts 

Air  Blower 

0.23 

0.25 

Electrolyte  Pump 

0.40 

0.40 

Cooling  Fan 

1.10 

0.16 

Acid  Concentration  Control 

0.25(3) 

0.25(3) 

Methanol  Control 

0.25<3> 

0.25^ 

Current  Shunts 

-- 

1.60 

Output  Voltage  Regulator 

12.70 

Total 

2.23 

15.81 

(1)  7.0  volts  at  14.1  amps. 

(2)  6.0  volts  at  13.1  amps. 

(3)  Intermittent  Operation. 

The  completely  integrated  Battery  Demonstrator  was  tested  briefly  prior 
to  delivery  to  the  U.S.  Army  Electronics  Command.  Performance  levels  had  declined 
to  a  maximum  regulated  output  of  65  wattr  at  6.0  volts,  as  shown  in  Figure  G-13. 
This  decline  is  attributed  to  successive  imbalances  in  feed  methanol  concentration 
caused  by  an  unstable  methanol  addition  system.  As  a  result,  the  fuel  cell  stack 
was  frequently  starved  or  subjected  to  excessive  temperatures,  depending  on  the 
level  of  methanol  concentration.  Further  testing  is  required  to  uncover  the  source 
of  this  instability  and  to  determine  the  ultimate  effectiveness  of  the  other  Demon¬ 
strator  subsystems. 
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Figure  G-13 


Performance  of  Assembled  Battery  Demonstrator 
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SECTION  5 


CONCLUSIONS 


5.1  Task  A.  Hydrocarbon  Electrode 

Phase  1  -  Modification  of  Two  Types  of  Platinum  Sites 

No  profound  changes  in  the  nature  of  butane  adsorption  on  platinum  black 
due  to  variation  in  the  concentration  of  lead  acetate  in  the  platinizing  solution 
have  yet  been  detected.  The  lead  acetate  concentration  changed  the  platinum  black 
surface  area  by  a  factor  of  four.  The  optimum  was  reached  at  0.4  wt  %.  However, 
the  shape  of  the  hydrogen  peaks  did  not  vary  significantly,  contrary  to  a  report  in 
the  literature.  The  total  amount  of  butane  adsorbed  varied  linearly  with  the  platinum 
surface  area.  At  this  point  it  is  not  known  whether  the  report  in  the  literature  is 
Incorrect  or  whether  it  would  take  more  detailed  work  to  find  the  effect.  However, 
since  F.  Will  has  shown  that  the  ratio  of  the  two  types  of  hydrogen  sites  depends  on 
the  crystal  plane  exposed,  it  is  still  probable  that  this  ratio  could  be  varied  by 
additives  in  the  depositing  solutions. 

Phase  2  -  Adsorption  of  Butane  on 

Platinum  Black  in  H^POa  Solutions 

As  might  be  expected  the  adsorption  of  butane  on  platinum  at  140°  is  more 
tenacious  than  at  80°C.  A  greater  fraction  of  the  sites  available  for  hydrogen 
are  occupied  by  the  butane  and  its  cathodic  desorption  is  more  difficult  to  effect. 
Decreasing  the  partial  pressure  of  butane  by  diluting  it  with  argon  or  by  raising 
the  electrolyte  temperature  and  partial  pressure,  decreased  the  rate  of  butane  ac¬ 
cumulation,  but  this  was  probably  a  solubility  effect.  The  equilibrium  butane  cover¬ 
age  was  independent  of  partial  pressure,  indicating  that  the  adsorption  is  substan¬ 
tially  irreversible.  Experimental  difficulties  have  so  far  prevented  adsorption  rate 
measurements  in  hot  phosphoric  acid.  The  adsorption  picture  will  be  incomplete  un¬ 
til  these  measurements  are  made. 

Phase  3  -  Increasing  Platinum  Utilization 

The  use  of  supports  and  co-supports  for  platinum  has  provided  significant 
improvements  in  its  specific  activity  and  continues  to  look  promising  for  the  future. 
The  impregnation  of  silica  treated  carbon  by  adsorption,  followed  by  activation,  has 
given  specific  current  densities  in  ma/mg  of  platinum  five  times  as  high  as  platinum 
black.  Raising  the  temperature  from  150  to  190°C  doubled  the  activity  and  emphasized 
the  potentiality  of  higher  temperature  operation.  Supported  catalysts  are  known  to 
resist  sintering  at  high  temperatures. 

The  structure  of  the  carbon  support  has  been  shown  to  affect  activity.  It 
was  possible  to  control  the  surface  area  of  the  carbon,  the  amount  of  platinum  ad¬ 
sorbed,  and  the  activity  of  the  catalyst  by  adjusting  the  extent  of  "burnout"  with 
carbon  dioxide  at  1000°C.  Control  of  initial  surface  area  via  burnout  of  the  car¬ 
bon  should  be  an  important  preparative  tool  in  the  future.  Electron  micrographs 
showed  that  adsorbed  platinum  on  carbon  ranged  in  particle  size  from  10  to  100  A,  the 
range  being  increased  by  silica  treatment  of  the  carbon.  Further  optimization  of 
particle  size  distribution  should  be  possible.  B.E.T.  and  porosimetry  measurements 
indicated  that  most  of  the  carbon  pore  volume  is  in  large  (ca  1000  X)  pores  whereas 
most  of  the  pore  surface  is  in  small  (~100  X)  pores.  Improvements  in  catalyst  loca¬ 
tion  should  therefore  be  possible. 
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The  stability  of  the  catalytic  activity  in  the  limiting  current  region  is 
still  a  problem,  which  needs  further  work.  The  variability  of  the  wetproofing 
afforded  by  different  batches  of  Teflon  emulsion  also  remains  a  continuing  annoyance. 

Phase  4  -  Liquid  Decane  Electrodes 

The  activity  of  platinum-Teflon  electrodes  was  confirmed  to  be  extremely 
sensitive  to  the  sintering  variables:  pressure,  temperature,  time  and  Teflon  content. 
Complete  optimization  has  not  been  possible  due  to  the  effort  required  for  total 
cell  fabrication.  The  fact  that  the  rate  of  fuel  transport  through  the  electrode  was 
independent  of  its  activity  is  a  promising  result.  It  suggests  that  fuel  transport 
may  be  reduced  or  eliminated  without  hurting  activity.  The  sintering  of  a  Teflon 
barrier  directly  to  the  electrode  face  represents  an  important  improvement  in  elec¬ 
trode  structural  stability. 

Phase  5  -  Alloy  Catalysts 

The  addition  of  annealing  and  quenching  steps  to  the  Raney  alloy  procedure 
has  provided  a  means  of  preparing  true  alloys  of  high  surface  area.  The  finding 
that  meta-stable  alloys  retain  their  chemical  configuration  even  \dien  a  third  com¬ 
ponent,  aluminum  is  extracted  is  significant.  Even  though  none  of  the  alloys  has 
shown  electrochemical  activity  the  method  should  be  useful  in  future  work. 

Phases  6  and  7  -  Perovskites  and  Oxide  Bronzes 

An  explanation  for  the  rapid  loss  of  conductivity  of  the  oxide  deficient 
perovskites  upon  acid  treatment  essentially  eliminated  them  from  further  considera¬ 
tion  as  acid  fuel  cell  catalysts.  The  explanation  assumed  that  the  conductivity 
arose  in  a  manner  similar  to  that  of  lithiated  nickel  oxide,  wherein  part  of  the 
nickel  becomes  trivalent.  Such  higher  valence  ions  are  chemically  unstable  and  are 
rapidly  lost  in  acid.  In  line  with  this,  perovskites  containing  manganese  and 
chromium,  whose  higher  valence  ions  are  stable,  had  a  better  combination  of  acid 
resistance  and  conductivity  than  did  the  nickel  and  cobalt  perovskites.  However, 
the  failure  of  these  to  show  any  catalytic  activity  effectively  concluded  the  perov- 
skite  program. 

The  tungsten  oxide  bronzes,  on  the  other  hand,  are  very  promising  as  cata¬ 
lyst  bases.  These  have  the  perovskite  lattice  structure  but  rely  on  reduced  valence 
states  of  tungsten  for  their  conductivity.  Samples  that  were  easily  prepared  in  an 
inert  atmosphere  showed  excellent  conductivity  and  acid  resistance.  Attempts  to 
incorporate  nickel  into  these  have  so  far  yielded  complex  materials  of  reduced, 
though  still  acceptable,  conductivity  and  acid  resistance.  However,  the  area  has 
just  begun  to  be  explored  and  many  other  metals  remain  to  be  incorporated  into  the 
oxide  bronzes  at  varying  stoichiometries. 

Phase  8  -  Eta  Phase  Carbides 

Eta  phase  carbides  such  as  M3W3C  seem  worthy  of  further  examination  as 
fuel  cell  catalysts.  The  results  of  an  initial  examination  of  an  impure  commercial 
sample  was  favorable  in  that  it  demonstrated  the  acid  resistance  of  the  nickel  present 
in  the  eta  phase.  The  conductivity  of  the  transition  metal  carbides  is  well  known. 

The  need  for  controlled  composition  and  stoichiometry,  the  failure  of  "quick  and 
dirty"  preparative  methods,  ard  the  impurity  of  purchased  commercial  carbides,  makes 
it  imperative  that  an  apparatus  for  custom  preparation  of  these  carbides  be  set  up. 

The  vacuum  induction  furnace  should  fill  this  need. 
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Phase  9  -  Hydrocarbon  Reforming  In  the  Liquid  Phase 


Steam  reforming  catalysts  were  active  when  the  reactants,  water  and  hexane 
or  decane,  were  present  as  liquids.  The  earlier  failure  of  steam  reforming  cata- 
lysts  to  yield  anode  activity  with  liquid  phase  decane  fuel,  therefore,  must  be 
attributed,  not  to  the  presence  of  the  liquid  phase,  but  either  to  electrolyte 
dissolved  in  the  water  or  to  the  low  pressures  used  in  the  fuel  cell  anodes.  The 
present  finding  provides  aft  incentive  determining  the  effect  of  electrolyte  and 
pressure  and  re-examining  the  anodic  activity  of  steam  reforming  catalysts  under 
different  conditions.  It  also  may  lead  to  a  more  efficient  reformer- fuel  cell  com* 
blnation. 

5.2  Task  B.  Hydrocarbon  Total  Cell 

Phase  1  -  Studies  in  Hydrocarbon  Fuel  Cells 

Studies  in  small  scale  single  and  multicell  liquid  decane-air  fuel  cell 
assemblies  have  shown  that  operation  with  fuel  transport  into  the  electrolyte  space 
is  feasible.  However,  decane  transport  to  the  cathode  can  Impair  performance  and 
result  in  chemical  oxidation.  Tests  with  improved  cathode  structures  indicate 
that  significant  reductions  in  cathode  catalyst  loading  might  be  obtained  if  decane 
transport  could  be  reduced  or  eliminated.  The  laminated  10  mg  Pt/cm2  Cyanamid  AA-1 
cathode  gave  the  same  initial  performance  as  the  50  mg/cm?  S.P.T.E.  electrode. 
However,  decane  transport  caused  a  marked  reduction  in  cell  output  after  160  hours 
of  testing.  Decane  transport  was  also  responsible  for  the  poor  performance  of  a 
2.5  mg/cm*  sintered  carbon  Teflon  electrode.  Thus,  only  the  laminated  50  mg/cm2 
porous  Teflon  film-sintered  platinum  Teflon  electrode  could  operate  for  over  200 
hours  without  excessive  performance  loss.  Consequently,  this  anode  system  was 
selected  for  the  final  scaled-up  five  cell  assembly.  Operating  experience  with 
the  small  multicell  unit  pointed  up  a  number  of  cell  and  system  defects  which  were 
corrected  in  the  final  large  scale  design.  These  defects  included  Inadequate  elec¬ 
trolyte  venting  and  barrier  separation.  Despite  these  problems  performance  levels 
with  liquid  decane  were  quite  good,  yielding  17  and  14  mw/cm2  with  oxygen  and  air 
respectively. 

Phase  2  -  Engineering  Studies  in  the  4n  x  4" 

Liquid  Decane  Multicell  Assembly 

A  five  cell  direct  liquid  decane-air  multicell  assembly  and  operating 
system  was  constructed,  capable  of  6  watts  with  oxygen  and  3.7  watts  on  air.  Tests 
with  this  system  indicate  that  except  for  previously  discussed  heat  and  water 
balance  problems,  there  do  not  appear  to  be  any  engineering  obstacles  to  the  develop¬ 
ment  of  a  high  power  density  direct  liquid  hydrocarbon-air  fuel  cell  battery.  How¬ 
ever,  electrode  components  are  quite  sensitive  and  life  is  limited.  Improved 
laminated  anodes  and  cathodes  have  resulted  in  stack  life  of  over  400  hours.  How¬ 
ever,  significant  performance  losses  have  been  noted.  These  can  amount  to  up  to 
50%  of  the  initial  performance  especially  if  cold  shutdown  are  required. 

Tests  with  wide  boiling  range  commercial  fuels  (isoparaffins)  indicate 
that  operation  with  these  materials  is  feasible,  but  performance  is  imparied  due 
to  increased  fuel  transport  through  the  anode,  which  results  in  an  increased 
cathode  debit. 
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5.3  Task  C.  New  Systems 


Phase  1  -  Catalyzed  Carbon  Electrodes 
In  Pvrophosphorlc  Acid 

Operation  at  higher  temperatures  as  a  means  of  increasing  catalyst  ef¬ 
ficiency  has  been  amply  demonstrated  with  pyrophosphoric  acid.  Butane  is  consider¬ 
ably  more  active  in  this  electrolyte  at  275°C  than  in  phosphoric  acid  at  150°C  on 
carbon  electrodes  containing  as  little  as  5  mg/cm^  of  platinum.  With  oxygen,  the 
activity  at  the  higher  temperature  on  a  catalyzed  carbon  is  greater  than  that  ex¬ 
hibited  by  a  150°C  electrode  having  ten  times  the  platinum  loading.  Electrodes  of 
lower  catalyst  densities  (2.5  mg/cm2)  have  so  far  performed  poorly,  although  one 
allowed  a  utilization  of  50  ma/mg  on  butane.  The  problems  at  this  low  loading  are 
due  primarily  to  the  difficulties  involved  in  fabricating  a  suitable  electrode 
structure,  and  should  be  surmountable. 

Phase  2  -  Molten  Alkali  Metal 

Bisulfate  Electrolytes 


The  activities  of  butane  and  oxygen  on  massive  platinum  electrodes  in 
molten  potassium  bisulfate  at  275°C  are  considerably  lower  than  that  obtained  in 
phosphoric  at  150°C.  Operation  at  350°C  in  the  blsulfate  medium  further  reduces 
activity.  Finally,  butane  exhibited  no  activity  on  catalyzed  carbon,  and  oxygen 
activity  was  poor  and  erratic  with  these  structures.  The  inherently  lower  activities 
obtained  in  the  bisulfate  melts  and  almost  complete  lack  of  activity  in  catalyzed 
carbons  are  attributed  to  the  oxidizing  properties  of  this  electrolyte. 

Although  generally  less  corrosive  than  pyrophosphoric  acid,  bisulfate 
melts  are  not  promising  as  intermediate  temperature  fuel  cell  electrolytes.  It  is 
concluded  that  molten  salt  fuel  cell  electrolytes  must  have  anions  which  equilibrate 
with  non-volatile  and  non-reducible  oxides. 

Phase  3  -  Carbon  Dioxide  Absorption 
by  Carbonate  Electrolyte 

Silver  cathodes  can  match  the  activity  of  platinum  catalysts  if  the  ele<- 
trolyte  pH  levels  are  not  lower  than  twelve.  A  study  of  the  absorption  and  desorp> 
tion  of  carbon  dioxide  by  carbonate  solutions  indicates  that  it  is  not  feasible  to 
maintain  a  carbonate  solution  above  its  equilibrium  pH,  even  when  one  side  is  ex¬ 
posed  to  a  carbon  dioxide  free  air  stream. 

Phase  4  -  Methanol  Catalysts  for  Base  or  Buffer 

Silver-palladium  oxide  catalyst  shows  considerable  promise  for  use  in 
basic  and  perhaps  in  buffer  solutions.  Limiting  currents  of  over  2000  ma/cm2  were 
observed  with  methanol  in  base  and  there  was  evidence  of  some  activity  with  butane. 
Activity  in  CO2  rejecting  buffers  remains  to  be  demonstrated.  Raney  gold  alloys 
also  show  sufficient  activity  in  base  to  warrant  further  investigation. 

Phase  5  -  Slurry  Catalyst  Electrodes 

The  slurry  electrode  system  responded  quite  well  to  increases  in  electrode 
surface  area  and  to  changes  in  electrolyte  and  fuel  (liquid  decane)  flow  pattern. 
Stirring  power  requirements  were  not  prohibitive  for  this  stage  of  development. 
However,  the  specific  curren ;  density  in  ma/mg  of  catalyst  was  still  so  low  that  it 
is  doubtful  that  catalyst  utilizations  better  than  that  achieved  in  static  systems 
could  be  obtained.  The  high  current  density  per  unit  electrode  area  may  make  the 
slurry  electrode  suitable  for  catalyst  testing. 
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5. A  Tftjk  D.  Methanol  Electrode 


Phase  1  -  Studies  of  Ruthenium 

Modified  P-tvpe  Catalyst 

Single  cell  and  half  cell  testing  of  the  ruthenium  modified  P-type  cata¬ 
lyst  has  demonstrated  its  long-life  capability.  In  half  cell  tests,  the  anodes  lost 
only  15  mv  after  11,000  hours  of  operation.  In  total  cells,  the  anodes  lost  20  to 
AO  mv  during  a  day.  However,  performance  may  be  regained  by  open-circuiting  for 
brief  periods.  There  is  an  additional  slow  deactivation  of  10  to  50  mv  occurring 
over  a  month’s  time.  This  is  reversible  by  changing  electrolyte  and  overpolarizing 
the  anode  to  0.8  to  9  volts  in  the  absence  of  methanol.  There  appear  to  be  no 
losses  associated  with  storage.  However,  trace  contaminants  such  as  copper  can  re¬ 
duce  performance. 

Phase  2  •  Use  of  Supports  for  the 

Ruthenium  Modified  P-type  Catalyst 

The  use  of  the  silica-on-carbon  and  boron  carbide  as  supports  has  not 
improved  utilization  of  the  ruthenium  modified  P-type  catalyst.  However,  the  initial 
results  were  susceptible  to  improvement  through  modification  in  the  washing  procedure. 
The  best  utilization  achieved  was  0.12  ma/mg  at  0.35  volts  polarization  using  potas¬ 
sium  sulfate  in  the  washing  solution.  Catalyst  utilization  using  boron  carbide  as 
the  support  could  be  increased  to  A. 7  ma/mg  when  the  hydrogen  reduction  was  carried 
out  at  225°C.  Further  increases  in  the  severity  of  reduction  may  lead  to  increased 
utilization. 

5.5  Task  E.  Air  Electrode 

Phases  1  and  2  -  Teflon  Coated  Cathodes; 

Sodium  Alginate  Coated  Electrodes 

Interface  maintaining  cathodes,  backed  by  a  Teflon  coating  applied  to  the 
air  side,  can  be  operated  for  extended  periods  of  time  and  scaled-up  to  practical 
sizes  without  loss  of  performance.  However,  further  work  is  needed  to  minimize 
electrolyte  leakage  through  the  larger  sized  electrodes.  Good  performance  is  also 
possible  using  sodium  alginate  coatings  instead  of  the  membrane.  However,  a  scale- 
up  debit  exists,  and  leakage  of  electrolyte  is  excessive,  so  that  further  work  is 
also  necessary  for  this  structure. 

Phase  3  -  High  Temperature  Structures 

Several  types  of  electrodes  have  been  developed  that  are  suitable  for  use 
in  a  hydrocarbon  cell  operating  at  150°C  with  1A.7  M  phosphoric  acid  as  the  elec¬ 
trolyte.  These  include  platinum-Teflon  structures  containing  50  and  10  mg/cm^  of 
platinum  and  laminated  to  3.7  mil  porous  Teflon  films,  and  a  carbon  supported  cathode 
containing  2.5  mg/cnr  of  platinum.  In  addition,  cathodes  using  carbon  and  silica 
as  the  support  can  be  made  using  only  1  mg/cm2  of  platinum.  These  have  four  times 
the  catalyst  utilization  of  the  electrodes  having  higher  catalyst  loadings. 


5.6  Task  F.  Methanol  Fuel  Cell 


Phases  1  and  2  -  Use  of  Cathode  Diffusion  Barriers 
for  Reducing  Direct  Chemical 
Oxidation:  Application  to  Large  Cells 

Chemical  oxidation  at  the  cathode  can  be  reduced  without  loss  in  electrb 
cal  performance  by  using  interelectrode  barriers,  f.uch  as  Dacron  felt  or  Permaplex 
C-20  membranes.  However,  these  reductions  were  only  affected  in  the  4"  x  4"  cells. 
Improving  fuel  distribution  by  baffling  or  adding  multiple  injection  ports  to  the 
9"  x  5-3/4”  did  not  correct  the  loss  in  anode  performance  at  low  methanol  concen¬ 
trations. 

Phase  3  -  Simplified  Low  Power  Methanol  Fuel  Cells 

The  feasibility  of  operating  the  methanol  fuel  cell  with  direct  feed,  with¬ 
out  electrolyte  circulation  was  demonstrated  in  a  3000  hour  test. 

5.7  Task  G.  Prototype  Development 

Phase  1  -  Operating  Characteristics  of 
the  Sixteen  Cell  Stack _ 


The  operation  of  the  sixteen  cell  multicell  unit  confirmed  the  long-life 
characteristics  of  the  methanol  fuel  cell  found  in  previous  studies.  A  moderate 
decline  in  performance  was  noted  for  the  first  400  hours  of  operation,  about  50  mv 
per  cell  at  40  ma/cn>?  during  a  seven  month  period.  Subsequent  testing,  performed 
during  the  development  of  the  methanol  control  system,  produced  severe  imbalances 
in  operation.  This  resulted  in  considerable  performance  loss,  mainly  at  the  anode. 
Use  of  a  new  dual-entry  feed  manifold  eliminated  the  wide  temperature  distribution 
noted  previously  within  multicell  modules.  A  temperature  range  of  only  11°C  was 
noted  at  40  ma/cm^,  compared  with  29°C  for  the  older,  single  entry  manifold  system. 
Fuel  distribution  was  unaffected  by  the  manifold  change.  Displacement  of  electrolyte 
within  the  sixteen  cell  stack,  caused  by  the  evolution  of  carbon  dioxide,  amounted 
400  cc  at  80  ma/cm^,  thus  requiring  the  use  of  an  external  electrolyte  reservoir 
during  operation. 

Phase  2  -  Development  of  Auxiliary  and  Control  Systems 

for  the  Methanol  Fuel  Cell  Battery  Demonstrator 

Low  power  auxiliary  components  required  for  the  self-sustained  operation 
of  the  Methanol  Fi el  Cell  Battery  Demonstrator  were  designed,  constructed  and  tested. 
A  small,  corrosion- free  gear  pump  was  integrated  into  the  electrolyte  circulation 
system.  The  pump  performed  well  during  several  hundred  hours  of  testing.  An  acid 
concentration  control  system  was  devised,  using  a  temperature-compensated  hydrometer 
float.  The  float  position  was  used  to  control  the  addition  of  water  to  maintain 
about  3.7  M  sulfuric  acid  concentration.  Low  pressure  drop  auxiliaries  were  devised 
to  perform  necessary  heat  and  water  balancing  within  the  Demonstrator.  An  air  con¬ 
denser  performed  satisfactorily,  reducing  the  temperature  of  a  typical  stack  ex¬ 
haust  air  stream  by  23°C.  Additional  quantities  of  water  were  recovered  by  using  a 
membrane  water  economy  unit.  However,  pressure  drop  limitations  required  the  use 
of  a  less  effective  model  of  the  economy  unit.  An  integrated  methanol  control 
system  was  developed,  utilizing  the  diffusion-controlled  analyzer.  Stable  operation 
was  attained  after  considerable  difficulty.  Methanol  concentration  was  controlled 
at  0.75  +  0.1  M.  The  essential  electronic  controls  were  constructed  for  all  systems 
of  the  Battery  Demonstrator,  including  a  series-regulation  circuit  'or  producing  an 
output  voltage  of  6.0  +  0.1  volts. 


127 


Phase  3  -  Self-Contained  Methanol  Fuel 
Cell  Battery  Demonstrator 

The  feasibility  of  operating  the  methanol  fuel  cell  system  was  demonstrated 
by  constructing  and  testing  the  first  self-contained  Methanol  Fuel  Cell  Battery 
Demonstrator.  The  Demonstrator  contained  a  20  cell  stack  using  9"  x  5-3/4"  elec¬ 
trodes,  together  with  the  essential  auxiliary  components  required  for  self-sustained 
operation.  Although  the  Demonstrator  was  primarily  a  research  tool,  initial  testing 
of  the  integrated  system  gave  power  outputs  of  up  to  82  watts  at  a  regulated  6.0 
volts.  Parasitic  power  losses  were  low,  about  17  watts,  mostly  associated  with  the 
control  system  circuitry.  Subsequent  testing  of  the  completed  Demonstrator  produced 
regulated-voltage  power  outputs  of  about  65  watts,  but  performance  was  not  consistent 
due  to  instability  of  the  methanol  control  system. 


SECTION  6 


PROGRAM  FOR  NEXT  INTERVAL 


Catalyst  cost, or  availability,  remains  the  primary  obstacle  to  the  develop¬ 
ment  of  a  practical  direct  hydrocarbon-air  fuel  cell.  A  considerable  portion  of 
our  research  effort  has  been  devoted  to  this  problem  in  the  past  and  has  led  us  into 
relatively  complex  realms  of  inorganic  chemistry.  However,  a  large  effort  was  also 
devoted  to  the  construction  of  batteries  and  demonstration  units.  This  involved 
the  solution  of  engineering  problems  which  must  at  present  be  considered  secondary 
to  the  main  problem.  In  the  future  the  size  of  the  effort  under  this  contract  will 
be  reduced  and  the  engineering  work  will  be  almost  completely  eliminated.  Essen¬ 
tially  all  the  future  work  will  be  directed  toward  the  solution  of  the  catalysis 
problem.  The  goal  will  be  activity  with  saturated  hydrocarbons,  but  other  fuels 
such  as  hydrogen,  methanol  and  olefins  will  be  examined  to  provide  clues  to  the 
solution  of  the  problem.  There  will  be  no  further  work  on  methanol  catalysis  as  an 
end  in  itself.  New  catalysts  will  also  be  checked  for  cathode  activity  with  oxygen 
and  air.  Since  higher  temperatures  may  help  solve  the  catalysis  problem,  elec¬ 
trolytes  permitting  such  temperatures  will  continue  to  be  sought. 

Thus,  the  percentage  distribution  of  effort  in  the  future  will  be  quite 
different  than  it  has  been  in  the  current  period: 


Task  _ Title _ 

A  Hydrocarbon  Electrode 

B  Hydrocarbon  Fuel  Cell 

C  New  Systems 

D  Methanol  Electrode 

E  Air  Electrode 

F  Methanol  Fuel  Cell 

G  Prototype  Development 


Effort  Expended.  % 


Julv-Dec.  1965 
39 
8 

11 

4 
1 

5 
32 


Projected 
Jan-June.  1966 

80 

2 

15 

0 

3 

0 

0 


The  specific  projects  to  be  investigated  are  outlined  below. 


6.1  Task  A.  Hydrocarbon  Electrode 

Work  on  all  phases  of  the  hydrocarbon  electrode  will  constitute  the  ma¬ 
jority  of  the  research  effort  in  1966.  This  will  include  noble  metal  catalyst  im¬ 
provements,  electrode  structure  improvements,  the  search  for  non-noble  catalysts  and 
mechanism  studies. 


The  mechanism  studies  will  focus  on  variables  affecting  the  chemisorption 
rates  of  saturated  hydrocarbons  on  platinum.  Attempts  will  be  made  to  measure 
these  rates  in  hot  phosphoric  acid,  to  determine  whether  liquid  decane  behaves  in 
the  same  way  as  gaseous  butane  and  to  measure  the  effects  of  acid  strength  and 
buffer  type  on  hydrocarbon  adsorption.  In  addition,  experiments  will  be  run  to 
modify  the  platinum  surface  to  improve  its  adsorption  rates  or  oxidation  potentials. 
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Elucidation  of  the  cause  of  lack  of  adsorption  in  at  neutral  pH  values  might  shed 
clues  on  the  nature  of  the  adsorption  processes  which  could  lead  to  rate  improve¬ 
ments!  Any  improvements  obtained  would  be  incorporated  into  the  noble  metal  cata¬ 
lysis  program. 

To  achieve  further  improvements  in  the  utilization  of  noble  metal  cata¬ 
lysts  more  of  the  details  involved  in  the  use  of  supports  will  be  investigated. 

Other  co-supports  will  be  looked  at.  Variations  in  the  surface  area,  particle  size, 
hydrophilicity,  porosity,  and  ash  and  sulfur  contents  of  the  carbon  supports  will 
be  studied.  In  particular,  ozone  treatment  of  the  carbon  to  improve  its  pore  struc¬ 
ture  and  wetting  properties  will  be  tried.  The  catalyst  impregnation  and  activation 
techniques  will  be  altered.  Attempts  will  be  made  to  minimize  catalyst  sintering 
during  activation  while  maintaining  the  benefits  of  the  activation  treatment. 

Alloying  of  the  platinum  will  be  studied  to  improve  stability  and  to  promote  activity. 

Electrode  structure  work  will  concentrate  on  the  adaptation  of  carbon 
based  electrodes  to  liquid  fuels  and  the  prevention  of  gas  breakthrough  through  the 
anode.  Layered  and  bonded  structures  with  varying  wetting  properties,  particle 
sizes  or  compositions  will  be  constructed.  Quality  control  and  reproducibility 
problems  relating  to  the  electrode  wetproofing  technique  will  also  be  attacked. 
Electrode  structures  may  be  fabricated  as  required  to  suit  the  electrolyte  program. 
Satisfactory  electrodes  will  be  checked  for  ease  of  scaling  to  larger  sizes  and  for 
operating  life. 

The  non-noble  metal  catalyst  program  will  continue  to  be  divided  into  the 
areas  of  alloys,  oxides  and  carbides,  with  a  small  effort  being  devoted  to  steam 
reforming  catalysts.  The  alloys  to  be  prepared  will  be  of  high  surface  area  pre¬ 
pared  either  by  the  Raney  alloy  technique  or  by  chemical  methods.  The  metals  will 
be  chosen  from  the  first  row  transition  elements,  the  group  IB  elements  or  the  re¬ 
fractory  metals  of  groups  IV,  V  and  VI  B.  Some  of  the  heavier  members  of  groups 
III  to  V  A  may  be  included.  The  metals  will  be  blended  as  their  phase  diagrams 
permit.  In  addition  to  electrochemical  measurements  the  alloys  will  be  tested 
chemically,  for  hydrogenation  and  steam  reforming  activity,  and  physically,  for 
their  geometric  and  electronic  structure.  It  is  hoped  in  this  way  to  convert 
practical  results  into  a  general  picture  which  will  be  of  more  lasting  value  than 
a  purely  exploratory  program. 

The  oxide  program  will  be  concerned  with  modified  bronzes.  Attempts  will 
be  made  to  obtain  pure  compounds  containing  silver,  nickel,  copper,  and  other  metals 
felt  to  be  able  to  provide  catalytic  activity.  Tungsten  is  the  favored  component 
of  the  oxide  structure,  which  provides  the  conductivity  and  acid  resistance,  but 
other  elements  such  as  tantalum  will  be  considered  on  the  basis  of  literature  re¬ 
ports  that  they  form  bronzes.  Some  of  the  bronzes  will  contain  alkali  metals  at  the 
corners  of  the  tungsten  oxide  octahedra,  but  many  will  be  made  with  nothing  but  the 
catalytic  metal  in  this  position.  The  preparative  technique  will  be  varied  as  re¬ 
quired  for  optimum  purity  of  each  preparation.  Purity  will  be  established  princi¬ 
pally  by  analysis  of  X-ray  powder  diagrams.  Conductivity  and  acid  stability  measure¬ 
ments  will  also  be  made  on  each  sample.  Electrochemical  evaluation  will  include 
several  fuels,  such  as  hydrogen,  oxygen,  unsaturated  and  saturated  hydrocarbons 
and  methanol.  Potentiostatted  corrosion  tests  will  also  be  run  under  an  inert  at¬ 
mosphere.  Some  of  the  catalysts  will  be  tested  for  chemical  reactivity  as  mentioned 
under  the  alloys  program. 

Transition  metal  carbides  principally  of  the  eta  phase  crystal  structure 
will  be  prepared  for  the  most  part  in  a  newly  designed  water  cooled  vacuum  furnace. 
However,  a  quartz  tube  furnace  and  sealed  tube  lower  temperature  firings  will  also 


130 


be  looked  at.  The  carbides  will  contain  first  row  transition  elements  combined 
with  second  and  third  row  group  IV  to  VI  B  refractory  metals.  Surface  areas  will 
be  increased  by  grinding,  although  in  some  cases  aluminum  may  be  incorporated  and 
leached  out  using  the  Raney  method.  The  carbides  will  be  analyzed  primarily  by 
the  powder  X-ray  method.  They  will  be  evaluated  for  chemical  and  electrochemical 
corrosion.  Conductivity  should  be  no  problem.  Electrochemical  testing  will  be 
similar  to  that  of  the  alloys  and  bronzes. 


Work  on  steam  reforming  catalysts  will  be  aimed  primarily  at  determining 
the  causes  of  their  failure  to  catalyze  the  oxidation  of  hydrocarbons  even  though 
they  would  react  to  produce  hydrogen  and  would  electrochemically  consume  hydrogen. 
Steam  reforming  reactions  will  be  carried  out  in  the  liquid  phase  to  determine 
whether  electrolyte  dissolved  in  the  water  was  responsible  for  the  catalyst  failure. 
If  so  the  particular  electrolyte  component  at  fault  may  be  determined. 

6.2  Task  B.  Hydrocarbon  Fuel  Cell 

Emphasis  will  again  be  shifted  away  from  total  cell  work  to  allow  for  in¬ 
creased  efforts  to  improve  cell  components.  Consequently,  no  total  cell  engineer¬ 
ing  work  is  planned  during  the  next  interval.  However,  some  total  cell  tests  may 
be  conducted  if  warranted  by  improvements  in  cell  components. 

6.3  Task  C.  New  Systems 

Considerable  further  work  will  be  done  on  new  medium  temperature  elec¬ 
trolytes.  The  pyrophosphoric  acid  system  is  very  promising.  Consideration  will  be 
given  to  new  electrode  structures  and  cell  materials  for  use  with  it.  No  further 
work  will  be  done  on  the  bisulfate  system  due  to  its  numerous  shortcomings.  Other 
systems  containing  anions  which  equilibrate  with  oxides  that  are  non-volatile  and 
have  no  redox  properties  will  be  looked  at  intensively.  Phosphates  and  phosphonates 
are  prime  candidates.  In  each  case  conductivity,  stability,  handling  properties, 
redox  activity  and  electrochemical  activity  on  hydrogen,  oxygen  and  hydrocarbons 
will  be  determined. 

The  promising  palladium  based  catalysts  will  be  examined  further  in  basic 
and  buffered  electrolytes.  The  effects  of  temperature,  pH  and  buffer  composition 
will  be  explored  with  the  present  silver-palladium  oxide  catalyst  using  both 
methanol  and  hydrocarbons  as  fuels.  Other  palladium  based  compositions  will  also 
be  examined  with  a  view  toward  determining  the  optimum  specific  current  density  in 
ma/mg  that  can  be  achieved.  Supported  palladium  compositions  will  also  be  examined. 

The  slurried  catalyst  system  will  no  longer  be  examined  as  a  practical 
electrode  but  may  be  used  for  catalyst  evaluation  in  specific  cases. 

6. 4-6. 7  Tasks  D.  E.  F  and  G 

No  further  work  will  be  done  on  methanol  batteries  or  total  cells  under 
this  contract.  Methanol  will  be  used  where  applicable  as  a  test  fuel  for  providing 
additional  information  on  potential  hydrocarbon  catalysts.  Similarly  there  will  be 
no  program  devoted  specifically  to  air  electrodes,  but  new  catalysts  will  be  tested 
routinely  for  oxygen  or  air  cathode  activity. 
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SECTION  7 


IDENTIFICATION  OF  PERSONNEL  AND  DISTRIBUTION  OF  HOURS 


7.1  Background  of  New  Personnel 

Carl  E.  Heath  (Ph.D. ,  Chemical  Engineering,  University  of  Wisconsin)  has  re¬ 
turned  as  Section  Head  responsible  for  all  fuel  cell  research  activities  with¬ 
in  Esso  Research.  For  biography  see  Report  No.  1  of  this  series,  Section  7.1. 

William  J.  Asher  (M. S.,  Chemical  Engineering,  Ohio  State  University)  joined 
Esso  Research  in  1958.  Most  of  his  experience  with  the  company  has  involved 
the  study  of  the  engineering  and  physical  chemistry  aspects  of  new  separation 
techniques  to  determine  their  technical  feasibility  and  the  development  of  some 
of  these  techniques.  He  has  eight  patents  and  patent  applications  in  this  area. 
Presently,  he  is  working  on  a  study  to  a  non-noble  metal  catalyst  for  hydro¬ 
carbon  electrodes. 

Barret  Broyde  (Ph.D.,  Physical  Chemistry,  Polytechnic  Institute  of  Brooklyn) 
has  been  with  Esso  Research  since  he  completed  two  years  of  post-doctoral  work 
in  molten  salt  chemistry  at  New  York  University  in  February,  1962.  His  doctoral 
dissertation  was  on  photochemistry  and  radiation  chemistry  in  rigid  matrices. 

At  Esso  he  has  investigated  hydrocarbon-water  interfacial  phenomena  and  worked 
on  the  development  of  aviation  lubricants.  Presently,  he  is  working  on  non¬ 
noble  metal  catalysts  for  hydrocarbon  electrodes.  He  has  three  publications 
and  one  pending  patent. 

7.2  Distribution  of  Hours 


The  following  are  the  technical  personnel  who  have  contributed  to  the 
work  during  the  report  period  1  July  1965  -  31  December  1965  and  the  approximate 
number  of  hours  of  work  performed  by  each: 


William  J.  Asher  779 

Morton  Beltzer  880 

Barret  Broyde  711 

George  Ciprios  996 

James  Colthart  304 

William  R.  Epperly  517 

I-Ming  Feng  836 

Carl  E.  Heath  133 

Eugene  L.  Holt  341 

Hugh  H.  Horowitz  747 

Duane  G.  Levine  459 

Martin  Lieberman  824 

John  M.  Matsen  696 

Eugene  H.  Okrent  824 

Joseph  A.  Shropshire  348 

Barry  L.  Tarmy  754 

Charles  E.  Thompson  136 

Herbert  H.  Vickers  824 

Elliot  A.  Vogelfanger  296 
James  A.  Wilson  386 

Abraham  A.  Zimmerman  848 

Total  12,639 
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APPENDIX  A- 1 

EFFECT  OF  VARIATIONS  IN  UIAD  ACETATE  CONCENTRATION 
DURING  PLATINIZATION  ON  ADSORPTION  PROPERTIES  OF  BLACKC1) 


Cone 
Pb(Ac)2 
wt  % 

Ads 

Time. 

min(^ 

H*  or  Ah* 
(me) (3) 

Me 

Fuel 

Me 

Oxide 

Me  Fuel 
Me  Oxide 

Me  H- 
Me  Ox 

A 

o.o(4) 

60 

3.3 

39.5 

27.6 

1.43 

-- 

0.04 

Blank 

3.1 

_  «. 

8.17 

0.38 

B 

II 

60 

-- 

5.41 

8.12 

0.67 

-  - 

II 

II 

-- 

4.60 

8.57 

0.54 

-- 

0.2 

Blank 

5.68 

•  _ 

14.99 

_  _ 

0.38 

c 

II 

60 

2.81 

21.04 

13.29 

1.585 

-- 

0.4 

Blank 

6.75 

21.83 

0.31 

D 

II 

II 

7.09 

-  - 

20.64 

-- 

0.343 

II 

60 

4.91 

24.95 

18.12 

1.38 

-- 

0.6 

Blank 

5.33 

21.77 

0.25 

E 

II 

11 

5.62 

-- 

19.69 

-- 

0.29 

II 

60 

(5.43) 

19.48 

21.19 

0.92 

-- 

0.8 

Blank 

5.81 

m  tm 

17.46 

0.33 

F 

11 

II 

6.22 

15.48 

-  - 

0.40 

11 

60 

3.82 

17.79 

14.46 

1.23 

-- 

1.0 

Blank 

3.83 

m  _ 

12.70 

0.30 

G 

11 

•  1 

4.31 

11.69 

-- 

0.37 

11 

60 

2.20 

11.08 

9.14 

1.21 

-- 

H 

0.4<4) 

60 

11.85 

11.02 

83.8 

1.32 

2  2 

(1)  Microelectrode  0.25  cm  ,  1  mg  Pt/cm  deposited  at  0.15  volts  vs  S>C>E.,  at 
25°C,  from  a  chloroplatinate  solution  containing  3  wt  %  Pt. 

(2)  Time  for  exposure  to  butane  in  3.7  M  H2SO4  at  95  °C. 

(3)  For  no  fuel  adsorption,  value  indicates  millicoulombs  in  hydrogen  peak.  With 
fuel  adsorbed,  value  indicates  decrease  in  hydrogen  peak  relative  to  blank. 

(4)  Four  mg/cm^  plated  instead  of  one. 
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n.ls  set  of  Internally  consistent,  high  values  may  be  due  to  water  loss 
electrolyte  concentration  from  long  term  sparging  to  equilibrium. 
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APPENDIX  A- 4 


SURFACE  AREA  AND  PORE  VOLUME 
DISTRIBUTIONS  OF  PLATINIZED  CARBONS 


In  view  of  the  correlation  found  between  carbon  surface  area  and  activity 
of  platinum  catalysts  (Phase  3,  Part  d),  it  was  of  interest  to  ascertain  the  effect 
of  platinum  and  of  the  Si02  co-support  on  the  surface  areas  of  the  final  catalysts. 
Therefore,  surface  areas  were  determined  (B.E.T.  method)  for  a  series  of  supported 
platinum  catalysts,  using  the  same  carbon  support  throughout. 

The  results  indicated  that  introduction  of  platinum  by  adsorption  of  a 
salt  had  practically  no  effect  on  surface  area  while  adsorption  of  colloidal  Pt 
resulted  in  about  a  15%  area  reduction.  This  area  decrease  is  probably  related  to 
blocking  of  pores  by  the  relatively  large  particles  of  the  colloidal  Pt  (100-300  A). 

Inclusion  of  10%  silica  (as  silicic  acid  gel)  gives  about  a  25%  increase 
in  surface  area.  Assuming  that  the  surface  areas  are  additive,  the  silica  contri¬ 
butes  about  600  m2/g,  which  is  a  typical  value  for  a  high-area  silica  gel.  See 
Table  A-l. 


Table  A-l 


Relation  of  Catalyst  Surface 
Areas  to  Support  and  Catalyst  Type 


Surface  Area, 

A  . 


_ Material _  m^/g 

Carbon  179 
3%  Adsorbed  Pt  on  C  176 
3%  Adsorbed  Pt  on  C  -  10%  Si02  214 
5%  Colloidal  Pt  on  C  152 
5%  Colloidal  Pt  on  C  -  10%  Si02  202 


It  is  conceivable  that  the  beneficial  effect  of  silica  is  related  to  this 
surface  area  increase.  Other  possible  benefits  are  discussed  in  Phase  3,  Part  f. 

Pore  size  distribution  data  was  obtained  on  several  carbon  supports  by 
the  mercury  porosimeter  method.  The  pore  distribution  for  three  of  these  supports 
is  shown  in  Figure  A-l.  The  ordinate  is  the  derivative,  dA/d  log  D,  obtained  by 
graphically  determining  the  slope  of  a  plot  of  cumulative  surface  area,  A,  versus 
the  logarithm  of  the  pore  diameter,  D. 
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Figure  A-l 

Pore  Volume  Distribution  of  Carbon  Supports 


The  pore  distribution  curves  differ  considerably  in  the  region  of  >  500  A 
diameter  pores,  despite  the  fact  that  these  carbons  have  been  similarly  prepared. 
Thus,  the  carbons  of  110  and  180  m2/g  surface  area  consisted  of  different  batches 
of  FC-30  carbon  that  had  been  treated  with  CO2  for  seven  hours  at  1000°C.  The  car¬ 
bon  with  a  surface  area  of  192  m2/g  was  obtained  by  retreatment  of  the  110  m2/g  car¬ 
bon  with  CO2  for  five  hours. 

Unlike  the  results  with  bulk  Pt,  performance  of  catalysts  prepared  with 
these  carbons  did  not  correlate  with  increasing  pore  volume. 

In  view  of  the  correlation  of  performance  with  increasing  carbon  surface 
area,  it  was  of  interest  to  ascertain  the  surface  area  distribution  of  the  carbon. 
This  data  is  shown  in  Figure  A- 2  as  calculated  from  the  equation, 


dA  _  4  dV 
d  log  D  D  d  log  D 

2 

where  A  is  the  cumulative  surface  area,  cm  /gm 
D  is  the  pore  diameter,  cm,  and 
V  is  the  cumulative  pore  volume  cm^/gm. 
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Pore  Diameter,  X 


It  can  be  seen  that  only  about  107,  of  the  surface  area  is  located  in  the 
pores  of  >200  X  diameter.  Furthermore,  there  is  no  correlation  of  surface  area 
variations  with  performance  variations  in  this  macropore  region.  Accordingly  the 
most  active  surface  lies  in  the  micropore  region  (<  200  X  diameter).  Transport 
limitations  would  appear  to  rule  out  activity  in  very  small  pores.  By  suitable 
selection  and  treatment  of  carbon  supports  or  by  blocking  of  the  smallest  pores, 
it  may  be  possible  to  favor  Pt  adsorption  in  the  desired  pore  region,  as  a  route  to 
higher  activities. 
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Solid  solution  of  Ti  (about  47.)  in  Ni  and 
separate  phase  of  Ti 


\ 

APPENDIX  A-7 

EVALUATION  OP  ALLOY  CATALYSTS 


Currant  Penalty  at 

Polarization  from  H2  Indicated  volta  Polarization 


Theory  at 

Indicated  ma/cm^. 

volta 

from  H2t  ma/cm? 

Tea*  No. 

Catalvat  No. 

Catalvat  Coavoaltlon  at  1 

Electrovlte 

Teem.  *C 

Fuel 

0_ 

1 

2 

10 

50 

100 

0.57 

0.61 

0.73 

4469*10 

4469- 5- 1C 

Raney  annealed  40  Au-60Pe 

3  M  KOH 

96 

n2 

— 

0.59 

- 

— 

- 

— 

1.0 

-- 

(1 

II 

II 

II 

II 

C4H10 

-- 

0.62 

- 

— 

0.9 

>1 

II 

II 

II 

II 

»2 

— 

— 

0.59 

-- 

-- 

-- 

2.0 

4469*11 

II 

II 

851  H3P04 

150 

n2 

- 

0.30 

0.62 

- 

-- 

- 

-- 

-- 

II 

•1 

It 

II 

II 

C4H10 

- 

0.62 

-- 

- 

- 

tl 

II 

II 

II 

•I 

h2 

— 

0.22 

0.62 

— 

4469-11 

II 

II 

851  H3P04 

150 

h2 

0.05 

- 

0.61 

- 

— 

10 

II 

It 

II 

II 

II 

C4H1O 

-- 

- 

- 

-- 

-- 

1.2 

II 

II 

It 

II 

II 

n2 

-- 

- 

-- 

— 

— 

1.4 

-- 

4469*8 

4469*4* 1C 

Raney  annealed  60  Au-40Fe 

85Z  RjP04 

150 

n2 

— 

- 

- 

- 

— 

2.0 

II 

II 

II 

II 

II 

C4H1O 

— 

-- 

-- 

- 

2.0 

II 

II 

II 

•  1 

II 

Hj 

— 

-- 

-- 

- 

— 

-- 

25.0 

2669*16 

Raney  Nl(1* 

80 

«2 

0.00 

0.08 

0.19 

3  H  Mnl 

3942*28 

3942*28 

Raney  N1<1> 

3  M  K0H 

94 

— 

— 

0.00 

0.06 

0.15 

-- 

3942-30 

3942*30 

Raney  50  Nl-50  Au(l) 

3  H  K0H 

94 

H2 

-- 

.. 

.. 

0.00 

0.02 

0.05 

3942*32 

3942*32 

Raney  50  Nl-50  Cu(1) 

3  M  KOH 

97 

«2 

— 

- 

0.03 

0.03 

— 

— 

— 

4469-29 

3942-41 

Raney  50  T1-S0  Au 

3  M  KOH 

100 

H2 

-- 

-- 

-- 

- 

<0.05 

* 

- 

4469*17 

Coaaaarclal 

99  Ti-1  Ft 

3  M  K0H 

100 

«2 

-- 

•* 

- 

— 

— 

0.70 

II 

II 

II 

II 

II 

N2 

— 

” 

*• 

— 

-- 

0.70 

-- 

II 

4469-30 

II 

II 

90  Nl-10  Tl 

II 

II 

100 

C4H10 

— 

-- 

-- 

— 

— 

0.55 

0.08 

"2 

•  I 

II 

ii 

II 

II 

n2 

-- 

— 

- 

— 

0.08 

- 

II 

II 

•i 

II 

•1 

C4K1O 

- 

-- 

-- 

- 

0.08 

-- 

3942-48 

4469*31 

Coaaarclal 

Caaawrc  lal 

98  Co- 2  Pt 

75  Cr-25  V 

M 

301  HjSO^ 

3  M  K0H 

II 

100 

100 

II 

n2 

n2 

c4«10 

*• 

*• 

*• 

*• 

Completely  Dissolved 

- 

.. 

.. 

.. 

1.2 

— 

II 

II 

II 

** 

•I 

«2 

-- 

-- 

0.7 

4469-46 

4469*33 

Raney  annealed  (1350*C) 

3  N  KOH 

105 

N2 

-- 

— 

— 

— 

-- 

1.2 

90  Nl-10  Pt 

II 

II 

" 

II 

II 

C4H10 

-• 

-- 

- 

- 

- 

1.2 

II 

II 

" 

II 

II 

«2 

— 

-- 

- 

-- 

80.0 

4469-40 

3942-42 

Raney  gold 

3  N  KOH 

102 

"2 

— 

- 

- 

- 

0.4 

II 

•1 

II 

II 

II 

c4h10 

- 

- 

- 

0.5 

II 

II 

II 

II 

•  1 

«2 

-- 

— 

— 

— 

6  0 

4469-34 

4469-28 

Raney  annealed  (1100*C) 

•  1 

102 

"2 

.. 

— 

.. 

-- 

0.05 

90  Nl-10  Pt 

II 

II 

•  I 

•1 

II 

C4h10 

-- 

- 

-- 

-- 

-- 

-- 

0.02 

-- 

II 

•  1 

*' 

II 

II 

"2 

-- 

— 

— 

-- 

-- 

2.0 

— 

4469-22 

4469- 19- 1C 

Raney  99  Nl-1  Pt 

3  M  KOH 

100 

C4H10 

— 

-- 

-- 

— 

— 

3.0 

— 

-- 

II 

II 

II 

II 

•1 

«2 

- 

..  . 

-- 

-- 

- 

- 

52.0 

-• 

- 

(1)  Not  teated  according  to  the  procedurea  apeclfled  In  the  text.  Tank  C,  Phaae  4,  Part  b. 
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tJTWZU  A- 10 

W>MT10i  AJTD  IWITIB  CT  I  MTU  AID  TBPITia'  TTJOgW 


j 
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I* 
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7 

*4> 


r 

fi 

L. 


A  cl  1  StablM*/  * 

_ _ _ _ 

_  _ f 

Tint  ^ 

Conductance^ 

X-Ray(3) 

tiST 

“  Rrcvnl 

fTaifT 

fWveni 

C-nduet  in*  e 

Chnnge 

icl  ereiuv 

}}  r.  i.-i.  . 

at'iri  1  •.»:  Materials 

hrs 

Mho  CM 

>t* 

hr* 

Meta  .ssxived 

hr* 

Het.il  Olsso.vel 

In  Weigr 

Aj _ Ma^le  Tungste 

n  &"or.tei 

•»  571*12 

"v. 

WOj.  W0-2 

2u 

1.23 

a(  *1 ) 

-- 

- 

4*71-6 

"-7  »>uV .au“o!«°r  1 

Na 1  VOj.  4 

'/JO 

24 

11.8 

A<U) 

4571-6 

%.aov!.8o"?!^r  >»*»•  ^ 

HS2W0J,,  WO3.  4 

yxJ  '  ) 

24 

o.07 

*U2) 

-- 

47(1-7 

■*>  8o“S.8o“o!iO°r  »-P*  5 

N-^.  Wtj,  W02 

9JC 

2*. 

).3h 

,(12) 

- 

47(1-30 

l»0.20"S.40“S!fO0i 

nio,  403,  4 

925 

24 

21  1 

- 

- 

- 

y 

- 

t  rS* 

-O.u 

‘‘571-19 

rt,0.35W0.70U0^30°3 

pbO.  WO3,  W02 

980 

24 

6.uy 

,(17) 

-- 

47(1-32 

I%O.45uO.9OWo!l0O3 

PbO,  WO3,  w 

925 

24 

1.65 

c(l8) 

- 

9 

6.9  *  l-’2 

•’•9 

47(1-35 

pbO.0OwoV6OWO.4O°3 

Pb,  W03 

925 

24 

1 .77 

-- 

-■ 

91 

2.1  x  10*2 

•-1.1 

B.  Brontes  "Modified 

W1U,  Hlcxei 

4571-13 

"•o .  3  5"  l0  •  0  583wO .  U7Wo!e2  5°3 

Na2U0,  ,  N10,  40,, 

402 

955 

24 

5.2  *  10** 

,<«) 

25.5 

1.4 

97.3 

57.7 

6.3  »  1  *' 

-2.0 

47(1-14 

"*0 . 35IU0.070W0 .07W0.  S6°3 

Na-.WO.  ,  N10,  40,, 

wo2 

955 

84 

(.9  *  ID*2 

,  «> 

25.7 

6.8 

90.4 

25.8 

6.6  *  1 

•1.9 

4571-15 

II  V  VI 

IUO.35N1O.O778WO.O309WO.863°3 

Na240,  ,  N10.  40,, 

955 

84 

6.1  a  10*^ 

.3) 

25.7 

3.6 

90.4 

W..4 

4.0  *  10-" 

-2.5 

4571-8 

m.  «iTI  wv  uVI  0 

%.8o"1o.l33  0.26?wo.600u3 

Ha. WO,  ,  mo,  VC,, 

40^  3 

925 

24 

c<iM 

66.1 

19.3 

114.1 

26.0 

5.6  ,  n^w) 

•7.2 

4571-9 

%.ao","l6U'.16"o!68°3 

Ka  40,  ,  .0,  40, , 

4tfj 

92) 

24 

9,.  ,  10-7‘10» 

,<‘5) 

66.1 

13.0 

114.1 

33.2 

1.7  ,  «•  (»“! 

-6.8 

4571-10 

ltao.8o"1o!l78Ul).o889Ua!73303 

RapU0.  ,  NtO,  40,, 

W02  ^ 

900 

24 

« io"7tf  > 

((111^2.8  x  10-7U0) 

.(16) 

5(16) 

66.1 

66.1 

3.2 

34.5 

114.1 

114.1 

13.0 

51.7 

7.9  * 

8.8  a  1  >* 1  ( 1°) 

4571-11 

Cu0.8o"1o.l33ko.j6  “  .  07° • 

.  .  ,0. 

40 

955 

24 

2.8  «  ID"8 

C 

25.5 

37.6 

97.3 

67.4 

2.5  «  1C’8 

-13.7 

4571-29 

II  V  VI 

B,0.20"10.0667U0.133U0.80°3 

PbO,  mo,  4C3.  4 

925 

24 

0.508 

— 

24.1 

7.2 

96.2 

00.9 

2.2  x  10*^ 

•3.1 

47(1-20 

rb0.35",o!ll7W0.«3VSt3°S 

PbO,  N10,  WOj,  40^ 

955 

24 

0.11 

25.7 

20.3 

90.4 

9h.4 

2.0  x  10' 3 

♦).6 

47(1-22 

rt0.35"1"n"0.1.,0"72°3 

PbO,  mo,  40j,  4C2 
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24 

5.2  x  10-2 

,(I7) 

25.7 

13.0 

96.4 

69.1 

8.8  x  10-6(10) 

♦7.1 

45(1-21 

Pb  w<^I  4^  y^I  0 

Pb0.35"lo.l56  0.0778  o.767°3 

PbO,  mo,  40j,  402 

955 

24 

1.7  •  w* 

,<17) 

25.7 

13.2 

90.4 

40.2 

4.7  x  10*6(10) 

-7.8 

47(1-27 

’VJ5»l"n“3.02“S!ei03 

PbO,  mo,  VO3,  4 

925 

24 

1.5  «  10*1* 

24.1 

3.1 

96.2 

36.6 

1.1  a  10*5(10) 

•8-9 

4  571-31 

*V 5o"1oll67W0. 333Wo!50°3 

pbo,  mo,  403,  4 

955 

24 

2.1  x  10’2 

24 

38.0 

96.3 

57.0 

1,3 , 10-6(1°) 

•9.1 

47(1-40 

’V8o"‘S!l5“SVS.70°3 

Pb,  PbO,  Ml,  403 

925 

24 

2.5  X  10->0 

24.4 

65.1 

96.5 

90.5 

1.7  X  10*6(10) 

♦15.9 

47(1-28 

«,o.6o"»J!aaMX.7aHKo6°3 

i*o,  mo,  403,  4 

955 

24 

(fil  x  to-li)(10) 

24.1 

65.° 

96.2 

71.3 

1.5  x  10*5(10) 

♦12.9 

1*  571*16 

^O . 80Kio! 267W0. 533Wo!200°3 

PbO,  mo,  4C  j,  402 

955 

64 

4.3  x  10*10 

25.5 

74.8 

97-3 

82.5 

4.5  x  10 

♦13.7 

4571-17 

b’0.80«‘5!32»J.32“"36<>3 

RO,  H10  ,  403  ,  40, 

955 

64 

5.3  X  10-10 

25.5 

>•9.3 

97.3 

85.9 

4.1  x  10-8 

♦  11.0 

47(1-18 

.  &Plo  !  356Wo  .  178Wo!  467°3 

PbO,  B10,  WO3,  4 

955 

24 

5.5  x  10" 10 

25.7 

19.1 

96.4 

54.2 

2.8  ■  10-; 

(8.-  «  JO-J)(l°) 

♦11.2 

C, 

Brontes  Modified  Efr  Other  MeUls  (CO,  fe. 

Cr, 

sal 

47(1-33 

*0 . 35CoO^H7W0 . 233Wo!6  5°3 

PbO,  Coo,  VO,,  4 

925 

24 

0.373 

•• 

24 

84.0 

*>.3 

79.5 

1.9  *  10’ J 

♦5.4 

4571-36 

Pb0.3<.r*o!ll7W0.a33W”6503 

PtoO,  fe, 

925 

24 

0.65^ 

- 

24 

83.3 

9*.5 

82.3 

2.1  x  10”* 

U571  18 

r>o  ,  kc203,  wo3,  w 

925 

:> 

>.1  *  lJ*^ 

31.2 

K» 

-  .  1  -n  ) 

•••• 

4  »:i-3- 

lb  -Mr  11  WV  yVI  « 

,b  "^0.11,^0.233  *  >3 

(TiO,  MnO.  VOj,  y 

24 

O.683 

- 

24 

83.7 

96.3 

82.7 

3.5  X  10-J 

♦5.7 

47(1-39 

’V35Cr5!li,w0.28''S!i6°3 

Pbo,  Cr203,  40j,  4 

925 

25 

0.78 

- 

24.it 

37.2 

96.5 

10.1 

7.4  1  10*3 

♦7.8 

47(1-37 

reo.35c"o!u7wo.233“”6503 

FbO,  CuO,  40 j,  4 

925 

24 

9.0  a  10*5 

— 

.74.4 

78.6 

96.5 

70.5 

1.6  x  IQ'8 

♦9.2 

(1)  firm. 

Procedure:  oven-dried  pi  lie  of  firing  Mixtures  were  wrapped  In  platloua  foil  aad 

laced,  in  fueed  alllca  tubes. 

Tt*  latter 

wn  then  evacueted  and  sealed.  Sealed  tubes  were  placed  la  hot  tow  of  LKO  furnace. 

(2)  Direct  current  values  ualeaa  otherwise  apeciried. 

(3)  Code:  A  •  Giron*  mxImb  for  Bronte  phase  with  only  aaall  aaounta  of  other  phases  preaeat. 

B  -  Strong  nxla*  for  Bronze  atructurea  together  with  eoderate  aaounu  of  3ther  phases 

C  -  X-Ray  Spectrua  very  ca^>lex--ao«  Indication#  of  Bronze  phases. 

D  -  X-Ray  Spectrua  very  coaple*- -pretence  of  Bronze  Phasst  doubtful. 

(4)  Run  with  3*7  M  H38OV  at  06‘C  for  liar  apeclfled.  Analyte*  for  Modifying"  Metals  run  polarog  raphlcally . 

(5)  Conductanca  of  aolld  recovered  froa  acid  atablllty  teata  (end  of  Teat  2)  by  ftlterln*.  »Mr  vaabln*,  aad  dryln*  in  air  oven  over¬ 
night  at  235‘P.  Direct  current  value*  unless  otherwise  apeclfled. 

(6)  Chan*e  In  wight  of  aolld  due  to  acid  treatavot. 

(7;  fired  In  unaealed  a  1  llca  tub*  connected  to  laboratory  vacuum  pu^>. 

(8)  Due  to  an  error,  CuO  aay  have  been  uaed.  Preparation  to  be  repeated. 

(9)  All  "Modified  Material*  in  the  Nsq  ^  Melted  during  firing.  Silica  wa*  attacked  caualn*  tub*  to  ahatter  on  cooling.  f%rt  I  la 
portion  vblch  flowed  out  of  the  ft  foil  wrapping  onto  alllca  aurface.  Part  II  la  portion  regaining  in  Pt  foil  wrapper. 

(10)  Value*  with  60  cycle  a.c.  . 

(11)  Saall  aaounta  of  l^turlty  phaaee  preaent  not  Identified.  Average  value  of  a  for  cubic  brent*  lattice  •  ).809(  A.  Product  deep  blue 
In  color. 

(12)  Only  aaall  aaounta  of  l^urltlee ,  aoatly  Ma^wci,  preaent.  Strong  reflection  peaks  froa  100  to  222  planet.  Cubic  lattice.  Average 
a  value  3.0*!  A.  product*  bronze  eolor. 

(13)  Two  bronze  phaaee,  at  leaat  oog  of  which  la  tetragonal,  are  Indicated  to  be  preeent. 

(14)  Cubic  brant*  phaa*  (a  ■  3 .81/  A)  appears  to  be  preeent. 

(15)  A  aaall  100  zeflactlon  auggeata  pretence  of  a  aaall  aammt  of  cubic  bronzt  phaa*  with  a  •  3*76  A. 

(16)  Cubic  bronze  phaa*  preaent  baa  a  ■  3.79  A..  . 

(17)  TVo  cubic  brent*  phases  present  (a  •  3.8?  A  and  3.70  A)  along  with  fairly  large  aaounta  of  (etolzite). 

(18)  A  caparison  X-ray  spectra  before  and  acid  treatment  shorn  (1)  (Urge  aaounta  present)  la  alaoat  completely  destroyed  in  the 
acid  atablllty  teatj  (2)  on*  bronze  phaa*  (a  •  3-07),  and  poealbly  another  (a  -  3.®0),  are  present  and  persist  through  acid  treatnrnt. 
The  presence  of  other  actd-atable,  non-perovakltlc  phaees  Is  also  Indicated. 
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APPENDIX  A-ll 


RESULTS  OBTAINED  ON  SIMPLE 
CARBIDES  AND  BORIDES  AS  CATALYSTS 


30%  H9SO/,  _ 30% 

Hydrogen 


Corrosion 

Activity 

Corrosion 

1.  Tungsten  carbide  (WC) 

No 

No 

No 

2.  Tungsten  carbide  about 

No 

Nod) 

No 

95%  WC  +  about  5%  W,C 

3.  Tantalum  carbide  (TaC) 

No 

No(l) 

No 

4.  Zirconium  carbide  ZrC 

Yes 

Nod) 

Not 

Tested 

5.  Titanium  carbide  TiC 

No 

Nod) 

Yes 

6.  Chromium  carbide 

Yes 

Nod) 

Not 

Tested 

Cr3C2  +  some  Cr23C6 

7.  Tantalum  Hafnium  carbide 

No 

N0<1> 

Not 

Tested 

(HfTa4C5) 

8.  Chromium  diboride  (CrB2) 

Yes 

No 

Yes 

9.  Tungsten-nickel-carbide 

No 

No 

No 

(WC  +  small  amount  of  NI3C 
and  NioW^C)-  after  removal 


10. 

j 

Tungsten-manganese  carbide 

WC  +  small  amount  of  Mn.C 
and  Mn^C 

No 

No<l> 

Yes 

11. 

Chromium  aluminum  carbide 
(Cr2AlC) 

Severe 

Not  Tested 

Severe 

12. 

Zirconium  tin  carbide 
(Zr2SnC) 

Severe 

Not  Tested 

Severe 

13. 

Niobium  Indium  carbide 
Nb2InC 

Severe 

Not  Tested 

Severe 

14. 

Niobium  tin  carbide 

Severe 

Not  Tested 

Severe 

(Nb2SnC) 


(1)  No  activity  on  oxygen. 


KOH _ 

Hydrogen 

Activity 

No 

No*1) 

Nod) 

Not  Tested 
No 

Not  Tested 

Not  Tested 

No 

No 


No 

Not  Tested 
Not  Tested 
Not  Tested 
Not  Tested 
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Anodes:  50  ag/ca2  S.P.T.E.  Electrode*  with  1/16"  9  Porous  Tenon  terriers 
Electrolyte:  14.7  H  HjPO.,  Flow  tete  5  cc/nin 
Testers  ture*  150-155*C 
Oxidsnt:  10  x  Stolchioaetrlc 


i  wz&mv- 
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APPENDIX  B-3 


DESCRIPTION  OF  THE  INDIVIDUAL  CELLS 
4"  x  4"  Multicell  Assembly 


Each  cell  of  this  stack  accommodates  a  nominal  4"  x  4"  electrode  with  an 
effective  area  of  80  cm*(l).  The  anodes  are  the  standard  50  mg/cnr  sintered  platfr> 
num-Teflon  emulsion  electrodes  laminated  to  3.5  mil  porous  Teflon  sheet  (10  micron 
pores).  Two  cathode  systems  are  available  for  use  with  the  five  cell  assembly,  a 
commercial  cathode  prepared  by  cladding  10  mg/cm^  Cyanamid  AA-1  electrode  with  porous 
Teflon  film  and  a  laminated  sintered  50  mg/cm^  platinum  Teflon  structure  described 
previously.  The  cell  is  constructed  of  Rulon  LD'  J  with  inlet  manifolding  and  exit 
control  weirs  in  the  side  walls  to  permit  circulation  of  fuel,  air  and  electrolyte. 
Exhaust  gases  are  removed  through  vent  manifolds  which  can  be  nitrogen  purged. 

The  single  cell  shown  in  Appendix  Figure  B-l  is  actually  a  three  chamber 
assembly  consisting  of  an  electrode  support-cell  partition  0  a  liquid  fuel  chamber© 
an  electrolyte  chamber©,  and  an  air  chamber©.  As  Indicated  in  Figure  B-l,  air 
is  fed  into  the  top  of  the  cathode  chamber  and  exhausted  at  the  bottom  removing 
product  water.  Liquid  decane  is  pumped  in  at  the  bottom  of  the  fuel  chamber--it 
then  percolates  through  a  porous  Teflon  barrier  to  the  anode.  At  the  anode,  part 
of  the  fuel  is  consumed  electrochemically,  the  remainder  is  transported  into  the 
electrolyte  space.  The  electrolyte  (14.7  M  H3PO4)  is  also  fed  from  entry  weirs  at 
the  bottom  of  the  cell  via  a  constant  displacement  (Buchler)  pump.  The  electrolyte 
level  is  controlled  by  an  exit  weir  at  the  top  of  the  electrolyte  chamber,  which 
provides  a  decane  residence  space  above  the  operating  electrodes  to  minimize  chemi¬ 
cal  oxidation  at  the  cathode.  Consideration  of  carbon  dioxide  evolution  and  decane 
transport  dictate  electrolyte  chamber  thickness  and  volumetric  flow. 

In  addition,  both  the  fuel  and  electrolyte  chambers  are  fitted  with  gas 
vent  chambers  to  facilitate  safe  removal  of  combustion  products  and  vaporized  fuel. 
These  vents  may  be  purged  with  nitrogen  when  operating  with  oxygen  as  the  oxidant. 

This  vent  system  Insures  that  any  contact  between  fuel  and  oxygen  will  occur  in 
the  nitrogen  purged  space  above  the  electrodes,  not  at  the  catalyst  surface. 

The  Interface  between  the  reactant  streams  (fuel-electrolyte,  electrolyte- 
air)  is  maintained  by  the  individual  fuel  or  air  electrode.  At  the  cathode  this 
function  is  performed  by  a  thin  porous  Teflon  cladding  or  laminate  on  the  air  side 
of  the  cathode.  At  the  anode,  the  electrode  and  auxiliary  barrier  perform  this 
interface  control  function.  Positive  seals  between  chambers  are  maintained  by  using 
oversized  electrodes  and  expendable  seal  gaskets  designed  to  assure  a  1  to  3  mil 
interference  fit  at  all  seal  and  support  surfaces. 


■■■■■■■■  —  ■■■  ■  2 

(1)  The  loss  of  20  cm*  is  due  to  required  support  and  seal  surfaces  within  the 
cell,  and  the  volume  occupied  in  maintenance  of  a  positive  electrolyte  head. 

(2)  Trademark  of  low  distortion  silica- filled  Teflon  manufactured  by  Dixon  Corp¬ 
oration. 
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Figure  B-l 

DIAGRAM  OF  INDIVIDUAL  CELL  UNIT 


FUEL  VENT ■*- 
(CO2) 

FUEL  EXIT 

ANODE  BARRIER 

ANODE 

FUEL  INLET 


ELECTROLYTE  VENT  (C02> 

ELECTROLYTE  EXIT 
AIR  INLET 


CATHODE  BARRIER 
CATHODE 


EXCESS  AIR  +  H20 


ELECTROLYTE  INLET 

^  I 


0.450 


An  exploded  view  of  the  unit  cell  is  shown  in  Appendix  Figure  B-2,  and  the  details 
of  the  entrance  and  exit  weir  configuration  required  to  prevent  fuel  poisoning  at 
the  cathode  is  shown  in  Appendix  Figure  B-3,  in  which  the  electrolyte  chamber  is 
viewed  from  the  air  electrode  side. 


159 


COMPONENTS  OF  DECANE -AIR  UNIT  CELL 


CELL  SEPARATOR 
CURRENT  COLLECTOR 
CATHODE  SUPPORT 
CATHODE 

CURRENT  COLLECTOR 
ELECTROLYTE  CHAMBER 
ANODE 


POROUS  TEFLON  BARRIER 

FUEL  CHAMBER  -  EARRIER  HOLDER- 


FUEL  VENT 
MANIFOLD 


ELECTROLYTE 
VENT  MANIFOLD 


GAS  SPACE  /  ELECTROLYTE  EXIT 

\  \  /  AND  WEIR  / 


ELECTROLYTE  INLETS  ELES!?£LYTE 
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DESCRIPTION  OF  OPERATING  SYSTEM 


The  liquid  decane-air  multicell  assembly  operating  system  includes: 
temperature  control,  safety  and  monitoring  equipment,  air  and  nitrogen  rotometers, 
a  combined  electrolyte  and  fuel  preheater,  a  water  recovery  unit,  and  the  requisite 
electrolyte  and  fuel  circulation  and  recovery  equipment. 

Electrical  equipment  shown  in  Appendix  Figure  B-4  includes  a  1.5  ohm 
resistive  load  (consisting  of  a  1.0  ohm  and  a  0.5  ohm,  50  watt  (Rheostat),  a  ten 
amp  ammeter  and  a  five  volt  voltmeter  for  cell  operation. 


Figure  B-4 


ELECTRICAL  CIRCUIT  FOR  HYDROCARBON  TOTAL  CELL 
OPERATING  SYSTEM 


SSI  -  Stainless  clad  1C  couple. 
TA1  -  Tantalum  clad  1C  couple. 


Part  a  -  Electrolyte  Circulation  System 


The  salient  features  of  the  electrolyte  circulation  system  are  illustrated 
in  Appendix  Figure  B-5.  Electrolyte  is  fed  from  a  two  liter  reservoir  through  a 
flow  director  valvfe  (F)  and  pump  feed  splitter  (P)  to  both  sides  of  a  Buchler  pump 
(Capacity:  30  cc/min)  and  then  to  a  combined  fuel-electrolyte  preheater  where  the 

electrolyte  temperature  is  raised  to  1508C.  The  preheated  electrolyte  is  then  fed 
to  the  cell  through  valve  E,  where  it  loses  water.  The  spent  electrolyte  returns 
to  the  electrolyte  reservoir  carrying  any  decane  which  has  been  transported  through 
the  anode.  To  prevent  electrolyte  discoloration,  a  nitrogen  sparge  is  provided  in 
the  electrolyte  storage  tank. 
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Part  b  -  Fuel  Recovery  and  Feed 


Fuel  transported  through  the  anode  into  the  electrolyte  space  is  swept 
from  the  system  by  flowing  electrolyte  into  the  electrolyte  reservoir.  This  fuel 
is  automatically  separated  from  this  electrolyte  bv  gravity  and  is  passed  over  an 
exit  weir  to  the  fuel-electrolyte  expansion  tank'D.  The  decane  overflow  from 
this  column  is  pumped  back  into  the  fuel  feed  tank  through  one  half  of  the  (Buchler) 
fuel  feed  pump.  The  other  half  of  the  fuel  pump  pumps  decane  from  the  five  hundred 
milimeter  reservoir  through  the  combined  electrolyte- fuel  preheater  into  the  anode 
chamber.  Flow  director  valve  D  (4  way)  provides  for  venting  the  preheater,  drain¬ 
ing  the  anode  chamber,  and  purging  the  fuel  chamber  with  nitrogen  during  shutdown. 
Fuel  exits  from  the  anode  chamber  at  a  level  below  that  of  the  electrolyte  exit  and 
returns  to  the  fuel  tank  for  re-use.  Notice  that  only  the  fuel  which  has  resided 
in  the  electrolyte  is  passed  through  the  silica  gel  recovery  unit. 


Figure  B-5 

HYDROCARBON  TOTAL  CELL  OPERATING  SYSTEM-PIPING  DIAGRAM 


0-15 


(1)  The  electrolyte- fuel  expansion  tank  serves  two  functions.  First,  it  provides 
additional  settling  volume  to  prevent  acid  from  reaching  the  silica  gel  column, 
and  second,  it  allows  for  expansion  of  the  electrolyte  due  to  gas  buildup  in 
the  stack. 
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Part  c  -  Inert  Gas  Supply 

Nitrogen  is  supplied  to  three  areas  in  the  stack  (1)  the  electrolyte  tank 
•  a  sparge  to  prevent  electrolyte  discoloration  and  decane  oxidation,  (2)  the  fuel 
ind  electrolyte  exhaust  vents  as  a  safety  precautions  when  operating  on  oxygen  and 
,'3)  the  fuel  chamber  to  provide  a  purge  on  shutdown. 
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BUTANE  PERFORMANCE  WITH  CATALYZED 
CARBON  ELECTRODES  IN  PYROPHOSPHORIC  ACID 
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APPENDIX  C-7 


STIRRING  POWER  CONSUMPTION  IN  THE  SLURRY  SYSTEM 


Test  No.  3677-47 

35  cc  3.7  M  H2SO4,  35  cc  Decane,  3.5  gm  Pt  black 


Power  Consumption  (watts)  at  Indicated  r.p.m. 


Frictional  Power^ 

1200 

1800 

3000 

1.91 

2.58 

4.5 

(2) 

Stirring  Power' 

0.43 

0.43 

1.08 

(3) 

Total  Power'  ' 

2.34 

3.01 

5.58 

(1)  Frictional  Power  consumption  was  determined  by  operating  the  system 
without  the  liquid,  the  stirrer  spinning  in  air. 

(2)  The  difference  between  total  power  consumption  and  frictional  power 
consumption. 

(3)  Measured  with  the  system  under  operating  conditions  such  that  the 
stirrer  stirs  up  the  liquid  containing  suspended  solid  catalyst 
particles. 
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APPENDIX  D-2 

PERFORMANCE  OF  RU-MODIFIED  P-TYPE 
CATALYST  AT  HIGH  CURRENT  DENSITIES 

Notebook  3629-46 


-  i 


Methanol 

Concentration.  M 


Current 

Density, 

ma/cnr 


Polarization 
vs  Theory,  volts 


0.5  0  0.047 

"  10  0.261 

"  20  0. 283 

"  40  0.302 

"  100  0.332 

"  200  0.365 

"  400  0.406 

"  1000  0. 505 

"  2000  0.670 

"  2400  0.860 

1.0  2000  0.455 

"  1000  0.422 

"  400  0.380 

"  200  0. 368 


Conditions:  60°C,  3.7  M  H2SO4,  20  mg/cm^  catalyst  loading 


172 


173 


174 


175 


5 


I 

I 

I 

I 

] 


APPENDIX  E-2 

APPARATUS  FOR  TESTS  ON  SCALED- UP  7.5  INCH  DIAMETER  CATHODES 
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APPENDIX  E-3 


ELECTROCHEMICAL  PERFORMANCE  OF 
SODIUM  ALGINATE  BARRIER  ELECTRODES 


Electrolyte 

Composition, 


Electrode  Description  Vol  % 


Sodium  alginate  26  wt  7.  0 
in  H«0  pressed  to  Cyanamid  4 
AA-1 

Sodium  alginate  17  wt  %  0 
in  H2O  pressed  to  Cyanamid  4 
AA-1 

Conventional  permion  0 
Cyanamid  clad  AA-1  4 

Teflon  spray  coated  0 
Cyanamid  AA- 1  4 


Polarization  at  Indicated  ma/cm^,  volts 


0 

50 

100 

0.33 

0.49 

•  a 

0.47 

0.49 

0.54 

0.25 

0.45 

0.52 

0.45 

0.47 

0.52 

0.22 

0.47 

0.51 

0.42 

0.53 

0.55 

0.25 

0.48 

0.53 

0.52 

0.56 

0.56 

Electrodes  tested  in  30  wt  %  H2S0^  at  60°C  using  air  at  10  x  stoichiometric  rate 
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HALF  CELL  TESTS: CATHODE  DITFUSION  BARRIERS 
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Conditions:  60*C,  3.7  M  H2SO4 

American  Cyanamid  AA-1  cathode. 

(1)  14  oz/iq  yd,  0.072"  thick. 

(2)  19  oz/iq  yd,  0.070"  thick. 
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See  Figures 
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APPENDIX  F-4 


SCHEMATIC  OF  BARRIER  STUDY  SETUPS 


Dacron  Felt 


$ 


Dacron  Felt  +  Spacer 


Dacron  Felt  ±  Nalfilm  +  Spacer 
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APPENDIX  G-l 


VARIATION  OF  SIXTEEN  CELL  STACK  PERFORMANCE  WITH  TIME 

(Notebook  #-4485) 


Current 


Time  On 
Current,  hrs 

Density, 

ma/cm2(l) 

0-1 

0 

20 

33.3 

40 

50 

60 

70 

60 

0 

10 

40 

50 

80 

235 

20 

40 

80 

275 

0 

3.3 

10 

20 

40 

60 

80 

350 

40 

60 

384 

40 

50 

400 

40 

60 

80 

485 

10 

20 

40 

60 

80 

Stack 


Potential, 

volts 

Average  Cell 
Potential,  vol 

11.6 

0.72 

8.5 

0.53 

7.75 

0.48 

7.3 

0.46 

6.6 

0.41 

6.0 

0.38 

5.6 

0.35 

11.2 

0.70 

8.8 

0.55 

6.9 

0.43 

6.0 

0.38 

4.6 

0.29 

8.0 

0.50 

6.6 

0.41 

4.4 

0.27 

11.3 

0.71 

9.7 

0.61 

9.0 

0.56 

8.05 

0.50 

6.8 

0.42 

5.85 

0.37 

4.95 

0.31 

6.0 

0.38 

4.5 

0.26 

6.4 

0.40 

5.7 

0.36 

6.58 

0.41 

5.25 

0.32 

4.3 

0.27 

8.1 

0.51 

7.3 

0.46 

5.2 

0.33 

3.8 

0.24 

2.5 

0.16 

(1)  Once-through  0.75  M  CH3OH,  50%  Conversion  per  pass,  8.4 
times  stoichiometric  air  rate. 


APPENDIX  G-2 


(1)  Measured  with  AC  technique  (6). 

(2)  Calculated  from  measured  value  for  total  stack. 
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Average  Cell  Ohmic  Loss  at  100  ma/cm  ,  mv 


Figure  G-l 

Effect  of  Time  on  Ohmic  Losses 
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(1)  40  ma/cm2  once-through  0.75  M  CH3OH  in  3.7  M  H2SO4;  8.4  times  stoichiometric  air  rate;  60-65°C. 


APPENDIX  G-4 


EFFECT  OF  ALTERING  FEED  INLET 
MANIFCLD  ON  STACK  TEMPERATURE 


Run  No.  65- 

8-24(2) 

8-24(3) 

8-25(4) 

Current  Density,  ma/cm^ 

40 

50 

80 

Air  Rate,  Stoichiometric  multiple 

8.4 

8.4 

4.2 

Inlet  Electrolyte  Temperature,  °C 

49 

51 

49 

Inlet  Air  (Humid)  Temperature,  °C 

42 

43 

46 

Temperature,  °C 

Cell  No.  1 

63 

63 

73 

5 

66 

67 

79 

6 

68 

69 

87 

7 

68 

68 

82 

9 

67 

68 

77 

10 

68 

69 

87 

14 

67 

68 

88 

15 

65 

67 

86 

16 

57 

58 

75 

N.B.  (1)  8  times  stoichiometric  air  rate.  0.62  M  Methanol  at  50% 

conversion. 

(2)  Electrolyte  feed  to  stack  split;  cells  1  to  8  and  9  to  16 
fed  separately. 
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APPENDIX  G-5 


EFFECT  OF  ALTERING  FEED  INLET 
MANIFCLD  ON  STACK  PERFORMANCE 


Run:  65-8-24(2)  Conversion:  507. 

Current  Density:  40  ma/cm?  Electrolyte  Inlet  Temperature: 
Air  Rate:  8.4  x  Stoichiometric  Air  (Humid)  Inlet  Temperature: 
Methanol  Concentration:  0.62  M 


Celb 

No.u; 

Cell 

Anode 

Polarization, 

Voltage 

volt  8 

1 

0.39 

0.41 

2 

0.39 

0.38 

3 

0.40 

0.37 

4 

0.38 

0.35 

5 

0.36 

0.40 

6 

0.42 

0.40 

7 

0.36 

0.43 

8 

0.38 

0.37 

9 

0.38 

0.41 

10 

0.41 

0.37 

11 

0.40 

0.40 

12 

0.44 

0.42 

13 

0.40 

0.39 

14 

0.42 

0.37 

15 

0.40 

0.38 

16 

0.42 

0.36 

Average 

Average  Anode 

Cell 

Cell 

Polarization, 

Group 

Voltage 

volts 

1  to  8 

0.38  +  0.05 

0.40  +  0.03 

9  to  16 

0.41  +  0.04 

0.39  +  0.02 

(1)  Split  inlet  feed  manifold.  Cells  1  to  8  and  9  to  16  fed  separately. 


49°C 

42°C 
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APPENDIX  G-6 


ELECTROLYTE  DISPLACEMENT  VOLUMES 


The  oxidation  of  methanol  within  the  fuel  cell  stack  produces  gaseous 
carbon  dioxide.  This  evolving  gas  displaces  electrolyte  within  the  stack,  in  the 
manner  of  a  conventional  co-current  gas-liquid  contactor.  The  following  data  were 
obtained  to  define  both  the  volump  of  displaced  electrolyte  at  steady  state,  and 
the  rate  at  which  the  displacement  occurs.  The  sixteen  cell  stack  was  operated  at 
electrolyte  flow  rates  equivalent  to  50%  nominal  conversion  per  pass.  The  stack 
electrolyte  volume  at  rest  was  1870  cc  at  24°C. 


Current 

Displaced 

Current 

Displaced 

Density, 

Time, 

Electrolyte 

Density, 

Time, 

Electrolyte 

ma / cm2 

min 

Volume,  cc 

ma/cm2 

min 

Volume,  cc 

3.3 

0 

0 

40 

0 

0 

7 

15 

5 

150 

12 

35 

10 

225 

17 

35 

15 

225 

22 

50 

20 

235 

27 

75 

10 

0 

0 

60 

0 

0 

6 

60 

3 

165 

11 

85 

8 

225 

16 

120 

13 

220 

21 

140 

18 

225 

26 

150 

20 

0 

0 

80 

0 

0 

5 

70 

2 

150 

10 

142 

7 

210 

15 

180 

12 

210 

20 

195 

17 

245 

25 

250 

20 

0 

0 

80 

0 

0 

5 

80 

4 

200 

11 

140 

9 

270 

15 

170 

14 

275 

20 

185 

25 

200 

A0 

0 

0 

5 

115 

10 

160 

15 

190 

20 

210 

25 

220 
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APPENDIX  G-7 


PHOTOGRAPHS  OF  HARDWARE  UNITS  USED  IN 
METHANOL  FUEL  CELL  BATTERY  DEMONSTRATOR 


A.  Electrolyte  Pump  and  Metering  Assembly 


Figure  G-2 

Electrolyte  Pump  and  Metering  Assembly 


PUMP  MOTOR 


GEAR  BOX 


ELECTROLYTE  PUMP — 


•ROTAMETER 


•CHECK  VALVE 


194 


SUSPENDED 

WEIGHTS 


FLOAT 


METAL 

SLUG 


C .  Air  Condenser 


Figure  G-4 
Air  Condenser 
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D.  Air  System  Transition  Ducts 


Figure  G-5 


Air  System  Transition  Ducts 


STACK 

EXIT 

DUCT 


DAMPER 


KNOCK-OUT 

POT 


STACK 

ENTRY  DUCT 


_ DAMPER 
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E.  Electrolyte  Cooler 


Figure  G-6 
Electrolyte  Cooler 
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F.  Valve  Assemblies 

I 


Figure  G-7 


Valve  Assemblies 
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G.  Manifolds 


Figure  G-8 

Manifolds  for  Twenty  Cell  Stack 


AIR  INLET  MANIFOLD 
/ 
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APPENDIX  G-8 


ELECTROLYTE  CIRCULATION  SYSTEM 

Pump  and  Hydrometer  Assembly  Drawing 
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APPENDIX  G-9 


ASSEMBLY  DRAWINGS  FOR 
COMPONENTS  IN  BATTERY  DEMONSTRATOR 
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D.  Methanol  Analyzer  Housln 


Fieure  G-15 
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APPENDIX  G-10 


PERFORMANCE  OF  AIR 

CONDENSER 

Simulated  Stack  Effluent^^ 

Flow  Rate, 

Temp, 

Condenser  ' 

cc/min  at  STP 

8C 

Temo.  0 

20,000 

52 

31 

27,000 

52 

36 

40,000 

52 

39 

60,000 

52 

43 

20,000 

56 

33 

27,000 

56 

39 

40,000 

56 

43 

C(2) 


(1)  Presaturated  at  indicated  temperature. 

(2)  Ambient  temperature  was  26°C.  Cooling  fan  operated 
at  4  volts  and  18  ma. 
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APPENDIX  G-ll 


PERFORMANCE  OF  WATER  ECONOMY  UNITS 


Evaluation  of  Low  Pressure  Drop 
Unit  for  Use  in  Battery  Demonstrator 


Inlet  Air. 
Temp.  °C(1) 

43 


52 


(1)  Presaturated 


Air  Flow  Rate, 
cc/min  at  STP 

20,000 

30,000 

40,000 

50,000 

60,000 

20,000 

30,000 

40,000 

50,000 

60,000 

:  indicated  temperature 


Water  Recovery,  wt  % 
20 

16.5 

12.6 

9 

5 

20 

15 

10 

5.6 

1 


Evaluation  of  High  Pressure  Drop  Unit 


Inlet  Air 
Temp.  °C 

46 


Air  Flow  Rate, 

cc/min  at  STP  Water  Recovery,  wt  7. 

36,000  52.3 
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APPENDIX  G-12 


THE  METHANCL  CONTROL  SYSTEM 


The  methanol  control  system  consists  of  a  detecting  analyzer  and  the 
associated  electronic  circuitry  required  to  control  the  addition  rate  of  methanol 
to  the  circulating  electrolyte  stream  entering  the  fuel  cell  stack.  Studies  were 
made  to  define  the  response  characteristics  of  this  system  and  to  define  the  best 
means  for  incorporating  the  system  into  the  Methanol  Fuel  Cell  Battery  Demonstrator. 

Methanol  Analyzer 

The  methanol  analyzer  measures  the  current  of  a  small  anode  under  condi¬ 
tions  where  methanol  transport  to  this  detecting  electrode  is  limited  by  a  membrane 
rather  than  by  the  catalyzed  reaction.  In  this  situation,  the  current  is  essen¬ 
tially  independent  of  factors  causing  changes  in  catalyst  activity  or  electrode 
performance. 

The  basic  analyzer  element  consists  of  a  diffusion-restricting  membrane 
pressed  tightly  to  the  surface  of  a  platinum  electrode.  The  potential  of  the  elec¬ 
trode  is  maintained  at  about  0.85  volts  versus  a  hydrogen-evolving  cathode,  a  level 
where  methanol  oxidation  is  diffusion  limited.  Under  these  conditions,  all  the 
fuel  reaching  the  electrode  is  oxidized  to  carbon  dioxide,  and  the  current  is 
directly  proportional  to  the  methanol  concentration  on  the  other  side  of  the  mem¬ 
brane.  The  current  is  temperature  dependent,  with  an  apparent  energy  of  activation 
of  about  4  Real /mole.  Additional  details  of  the  principles  involved  were  presented 
in  an  earlier  report  (7).  Drawings  of  the  polypropylene  analyzer  housing  and  the 
electrode  holders  used  in  these  studies  are  given  in  Appendix  G-9. 

Analyzer  Anode  Study 

The  initial  analyzer  anodes,  fabricated  from  Permion  1010  membrane  and 
Cyanamid  AA-1  electrodes,  had  poor  life  characteristics.  Failure  occurred 
primarily  as  a  result  of  membrane  detachment.  Therefore,  a  study  was  made  of 
alternative  components  and  fabrication  procedures. 

Nalfilm  3(  membrane  was  found  to  be  an  effective  substitute,  particularly 
when  a  thin  coating  of  gold  was  electrodeposited  on  one  face.  As  shown  in  Figure 
G-17,  Nalfilm  electrodes  were  more  permeable  to  methanol  and  gave  higher  analyzer 
currents  than  the  Permion  membrane  anodes.  The  response  to  concentration,  however, 
was  still  linear  up  to  about  1.75  M  methanol.  The  gold-coated  Nalfilm  membrane  was 
chosen  for  further  study  because  of  its  stability  to  high  temperature.  The  pres¬ 
sing  procedure  was  also  modified  by  using  a  porous  Teflon  platen  face  to  equalize 
pressure  distribution. 
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Figure  G-17 

Effect  of  Methanol  Concentration  on  Analyzer  Anode  Response 


A  number  of  anodes  were  fabricated  and  evaluated,  primarily  in  static 
test  units.  Occasional  testing  was  done  in  flowing  electrolyte  systems.  Test 
conditions  ranged  from  25  to  70°C  and  0.25  to  1.5  M  methanol.  High  concentrations 
af  methanol  were  used  to  accelerate  the  effect  of  stresses  on  the  membrane-electrode 
bond  caused  by  carbon  dioxide  evolution.  Avejrage  life  of  the  gold-coated  Nalfilm 
anodes  exceeded  500  hours,  as  shown  in  Table  G-l. 


Table  G-l 


Life  Testing  of  Methanol  Analyzer  Anodes 


Status 

Number 

Comments 

Operative^ 

10 

Age  distribution: 

1000  +  hrs  3 

500-1000  hrs  3 

500  hrs  4 

Nonlinear  Concentration 
Dependence 

2 

Tests  terminated  after 
600-1000  hrs  stable  operation 

Failed 

3 

Failed  after  600-600  hrs 

(1)  Gold-coated  Nalfilm  30  membrane  anodes  tested  primarily  in  static 
systems  at  25-70°C  and  0.25-1.5  M  CH^OH  in  3.7  M  H2SO4. 
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Additional  quality  control  studies  showed  that  anode  fabrication  variables 
were  in  reasonable  control.  Anode  current  usually  ranged  from  10  to  IS  ma  at  38°C 
for  0.75  M  methanol,  as  shown  in  Table  G-2.  Variations  in  the  current  level  were 
probably  caused  by  variations  in  the  membrane  porosity  and  the  thickness  of  gold 
coating.  Also,  the  temperature  response  characteristics  of  the  anodes  were  quite 
consistent. 


Table  G-2 


Methanol  Analyzer  Anode  Quality  Control 


Current  Range  for 
0.75  M  CH30H 
at  38°C.  ma(l) 

5-9.9 

10-14.9 

15-19.9 

20-24.9 

25-29.9 


Number 
of  Anodes 

Temperature 

Coefficient 

Ranged) 

Number 
of  Anodes 

1 

1.5-1.69 

3 

6 

1.7-1.89 

9 

3 

1.9-2.09 

2 

5 

2.1-2.29 

1 

0 

(1)  Gold-coated  Nalfilm  membrane. 


(2)  Temperature  coefficient 


Current  at  60°C  for  0.75  M  CHiOH.  ma 
Current  at  38°C  for  0.75  M  CH3OH,  ma 


Open-Loop  Control  Study 

The  response  characteristics  of  the  methanol  analyzer  were  evaluated  in  a 
simulation  loop,  shown  schematically  in  Figure  G-18.  Electrolyte,  containing  low 
concentrations  of  methanol,  flowed  through  the  analyzer.  Programmed  amounts  of 
methanol  were  periodically  injected  into  the  electrolyte  ahead  of  the  analyzer,  and 
the  response  of  the  analyzer  current  was  noted. 

These  studies  showed  that  the  analyzer  gave  essentially  instantaneous 
response  to  step  changes  in  methanol  concentration.  Initial  results  with  Permion 
membrane  anodes  indicated  only  moderate  increases  in  analyzer  current  due  to  in¬ 
creased  flow  rate  at  constant  methanol  concentration.  Subsequent  studies  with  the 
more  permeable  Nalfilm  membrane  showed  greater  sensitivity  to  flow  rate.  Here  the 
film  diffusion  resistance  is  apparently  a  significant  portion  of  the  overall  dif¬ 
fusion  path  resistance  from  the  bulk  electrolyte  through  the  membrane  to  the  anode 
surface. 
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Figure  G-18 

Schematic  Flow  Diagram  of  Analyzer  Simulation  Loop 


Electrolyte 

Tank 


Closed  Loop  Control 

The  methanol  analyzer  was  evaluated  in  conjunction  with  the  sixteen  cell 
stack  containing  9"  x  5-3/A"  electrodes.  The  signal  current  from  the  analyzer  was 
used  to  control  the  action  of  a  motor- driven  addition  valve  so  as  to  maintain 
methanol  concentration  at  0.75  M,  a  level  found  optimum  in  previous  studies  (7). 

A  number  of  factors  causing  control  instability  were  found.  These  are 
listed  in  Table  G-3  together  with  the  corrective  action  taken. 
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Table  G-3 


Causes  of  Control  Instability 


_ Cause 

•  Large  dead  time  between  In¬ 
jection  and  detection  points. 

•  Lack  of  electrolyte  flow  dur¬ 
ing  decreasing  stack  load, 
caused  by  changes  in  elec¬ 
trolyte  displacement  volume. 

•  Back- flow  of  electrolyte  up 
methanol  addition  line. 

•  Valve  motor  inertia  at  low 
operating  voltages. 

•  Large  over  and  under-riding 
of  valve  travel,  resulting 
in  over  or  under-feeding 
pulses. 

•  Flow-dependent  analyzer  cur¬ 
rent  signal. 


_ Remedy 

•  Minimize  distance  between  points. 

•  Insertion  of  upper  electrolyte 
sump  or  reservoir  between  stack 
and  analyzer  so  that  some  elec¬ 
trolyte  continually  flows  past 
analyzer  at  low  loads. 

•  Insertion  of  methanol-wetted 
porous  polypropylene  plug  at  in¬ 
jection  point. 

•  Use  of  time-sequenced  pulses  of 
high  constant  voltage.  See  Figure 
G-19. 

•  Micro-limit  switches  added  to 
motor  circuitry  to  limit  travel 
and  hence  flow  rates  to  desired 
maximum  and  minimum  values.  See 
Appendix  G-7,  Figure  G-7. 

•  Lowering  analyzer  cell  voltage 
at  high  flow  rate  to  compensate 
for  higher  transport  rates,  based 
on  data  in  Figure  G-20. 


Figure  G-19 

Voltage  Characteristics  of  Methanol  Addition  Valve  Motor 


10 


QJ 

60 

<8 


0 

> 


o 

X 


Globe  No*  98A102-8  Motor 


Typical  Values  Illustrated: 
T  *  3  seconds;  _t  =  ^  ^ 


h 


4  6 

Time,  seconds 


10 
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Figure  G-20 

Effect  of  Cell  Voltage  on  Analyzer  Current 


0.4  0.5  0.6  0.7  0.8  0.9 


os 

Applied  Cell  Potential,  volts 


The  control  system  provided  compensation  for  the  effect  of  temperature  on 
the  diffusion  properties  of  the  membrane  anode.  A  thermistor  placed  in  series  with 
the  analyzer  cell  was  used.  The  effects  of  temperature  on  the  analyzer  current 
and  thermistor  resistance  are  shown  in  Figure  G-22;  complete  details  are  given  in 
Appendix  G-13. 


Tests  with  the  sixteen  cell  stack  showed  that  stable  operation  could  be 
achieved,  with  methanol  concentration  ranging  up  to  +  0.1  M  about  the  0.75  M  con¬ 
trol  point. 

The  final  control  system  was  tested  only  briefly  in  the  Battery  Demonstra¬ 
tor.  Stable  operation  was  not  achieved  during  tests  in  our  laboratories. 
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Figure  G-21 


Effect  of  Temperature  on 
Analyzer  Current  and  Thermistor  Resistance 


Figure  G-22 

Simplified  Schematic  of  Analyzer  Circuitry 


Ec  =  Analyzer  Cell  Voltage 

Et  =  Methanol  Concentration 
Vol tage 

Eg  =  Attenuated  Concentration 
Vol tage 

=  Thermistor  Resistance 
Rs  =  Fixed,  Series  Resistance 
R  =  Attenuation  Resistance 

3. 
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Thermistor  Resistance,  ohms 


to  ■ 


APPENDIX  G-13 

ELECTRICAL  CONTROL  SYSTEM  FOR 
METHANOL  FUEL  CELL  BATTERY  DEMONSTRATOR 


The  electrical  control  system  includes  means  for  main  power  switching, 
load  and  voltage  indication,  output  voltage  regulation,  process  control,  visual 
alarm  indication,  and  detailed  performance  monitoring.  All  electrical  equipment 
is  contained  within  the  Battery  Demonstrator*  except  the  performance  monitoring 
facility. 

Main  Power  Switching 

The  main  power  system  is  activated  in  two  steps;  STAND-BY  and  REGULATED. 
Switches  driven  along  with  the  process  block  valves  connect  the  fuel  cell  stack 
to  the  auxiliary  circuits  and  the  output  regulator  when  the  control  handle  is  moved 
from  OFF  to  STAND-BY.  Small  mercury  batteries  are  connected  to  the  electrolyte 
pump  and  air  blower  by  the  same  action.  No  power  is  available  at  the  output  plug 
until  the  control  handle  is  rotated  to  the  REGULATED  position.  In  this  position 
the  mercury  batteries  are  disconnected  from  the  pump  and  blower  circuit.  All  power 
is  supplied  by  the  fuel  cell  stack.  A  block  diagram  of  the  electrical  system  is 
shown  in  Figure  G-23. 

Load  and  Voltage  Indication 

Two  small  meters  on  the  front  panel  indicate  regulated  output  voltage 
and  current  under  normal  conditions.  Small  push  button  switches  associated  with 
each  meter  allow  the  meters  to  also  indicate  the  stack  voltage  and  total  current 
from  the  stack. 

Voltage  is  indicated  by  a  0-15  volt  1000  ohm/volt  meter.  Current  is  indi¬ 
cated  on  a  50  millivolt  meter  calibrated  0-25  amperes.  This  meter  reads  the  voltage 
drop  across  either  the  regulated  output  50  mv  shunt  or  an  Esterline-Angus  100  mv 
shunt  in  series  with  the  stack.  Circuit  details  are  shown  in  Figure  G-24. 

Voltage  Regulator 

Output  voltage  is  maintained  at  a  constant  level  of  6.0  +  0.1  volts  by  a 
series  type  regulator.  The  regulator  will  start  under  a  full  load  of  16  amperes 
and  pass  up  to  20  amperes  at_voltages  lower  than  the  regulating  level.  Circuit 
details  are  shown  in  Figure  G-25. 

Process  Controls 


Transistorized  electronic  circuitry  is  provided  to  control  process  air 
rate,  electrolyte  flow  rate,  cooling  air  rate,  acid  concentration,  and  methanol 
concentration. 

The  process  air  rate  is  controlled  by  varying  the  DC  blower  motor  speed. 

A  DC  amplifier  and  series  regulator  varies  the  DC  voltage  applied  to  the  blower 
motor  in  a  feedback  loop  where  the  command  signal  is  obtained  from  the  total  current 
shunt  in  series  with  the  stack.  Circuit  adjustments  are  provided  to  set  the  zero 
level  and  maximum  motor  voltage  level  of  the  blower.  Circuit  details  are  shown  in 
Figure  G-25. 
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A  duplicate  of  the  air  blower  control  is  used  to  regulate  the  electrolyte 
flow  rate  with  a  DC  motor  driving  the  pump.  Circuit  details  are  shown  in  Figure 


G-25. 


Cooling  air  for  the  electrolyte  heat  exchanger  is  supplied  by  a  fan  driven 
with  a  DC  motor.  The  fan  operates  at  a  fixed  preset  speed  determined  by  a  pulse 
width  type  voltage  regulator  which  supplies  a  fixed  voltage  to  the  motor  regardless 
of  stack  voltage.  Circuit  details  are  shown  in  Figure  G-26. 

Acid  concentration  is  controlled  by  adding  fresh  water  to  the  electrolyte 
stream  through  a  small  motor  driven  valve.  This  valve  is  actuated  by  a  controller 
which  detects  the  position  of  the  hydrometer  in  the  lower  sump.  Detection  is  ac¬ 
complished  by  the  use  of  radio  frequency  coils  around  the  keel  of  the  hydrometer 
which  contains  a  metal  slug.  The  upper  coil  controls  the  water  addition  circuit. 

The  lower  coll  actuates  the  low  acid  concentration  alaxm  light.  Circuit  details 
are  shown  in  Figure  G-27. 

A  small  DC  motor-driven  positioning  valve  controls  the  rate  of  flow  of 
methanol  into  the  electrolyte  stream  depending  on  the  methanol  concentration  in  the 
stream.  The  signal  from  the  methanol  analyzer  cell  is  compared  to  a  present  refer¬ 
ence  signal.  Any  error  between  these  two  signals  is  amplified  by  the  circuitry  and 
actuates  the  positioning  valve  motor  so  as  to  hold  the  methanol  concentration  at  a 
fixed  value.  Proportioning  control  features  are  included  in  the  circuitry  to  vary 
the  rate  of  action  of  the  positioning  motor  depending  on  the  concentration  error  and 
the  load  on  the  main  stack.  Circuit  details  are  shown  in  Figure  G-28. 

These  electronic  controls  are  mounted  in  compact  trays  mounted  along  the 
lower  periphery  of  the  Demonstrator,  as  shown  in  Figure  G-29. 

Visual  Alarms 


Three  visual  alarm  lights  are  provided  on  the  front  panel.  One,  as  de¬ 
scribed,  for  low  acid  concentration  indication;  one  for  indicating  high  temperature 
and  one  for  indicating  that  regulator  output  voltage  is  below  the  regulation  range. 

The  high  temperature  alarm  is  actuated  by  a  resistance  change  in  the 
thermistor  in  cell  6.  Alarm  indication  occurs  at  91°C  +  2°C. 

Low  voltage  alarm  conditions  occur  at  regulator  output  voltages  below 
5.9  volts.  The  alarm  circuit  compares  the  regulator  output  with  a  fixed  voltage 
reference.  Circuit  details  for  the  high  temperature  and  low  voltage  alarms  are 
shown  in  Figure  G-26. 

Performance  Data  Monitor 


A  32  terminal  connector  behind  the  lower  front  trim  strip  provides  the 
means  for  connecting  to  a  performance  data  monitoring  device.  This  device  is  en¬ 
closed  in  a  metal  box  and  contains  read-out  meters,  meter  switches,  process  control 
switches  and  mercury  batteries. 

Four  meters  and  four  meter  switches  provide  read-out  of  26  data  points. 
These  include  motor  currents  and  voltages,  controller  voltages,  temperature,  and 
anode  polarization. 
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The  process  control  toggle  switches  on  the  performance  data  monitor  pro¬ 
vide  means  for  over-riding  the  normal  process  control  systems.  This  is  accomplished 
by  connecting  the  mercury  batteries  in  the  monitor  directly  to  the  control  devices 
through  the  over-ride  switches. 

Details  of  the  meter  and  switch  functions  on_the  data_monitor  are  presented 
in  Figure  G-30.  Circuit  details  are  shown  in  Figures  G-31  and  G-32.  Data  readout 
calibrations  are  presented  in  Figure_G-33  through  G-39.  A  photograph  of  the  per¬ 
formance  monitor  is  given  in  Figure  G-40. 

Electronic  Circuitry 

The  location  of  the  various  electronic  cards  and  the  identification  of 
adjustment  potentiometers  are  shown  in  Figures  G-41  and  G-42. 

Connection  details  for  the  motors,  thermistors,  methanol  analyzer  cell, 
alarm  lamps,  and  reference  electrodes  are  shown  in  Figure  G-43. 

Terminal  board  location  and  identification  numbers  along  with  the  battery 
box  connections  are  shown  in  Figure  G-44. 
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Acid  Concentration  Controller 
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Performance  Monitor 
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Figure  G-33 

Battery  Performance  Monitor  Meter  Calibration 
Meter  No.  2 


Figure  G-34 


Battery  Performance  Monitor  Meter  Calibration 


Meter  No.  3 


231 


Figure  G-35 


Battery  Performance  Monitor  Meter  Calibration 
Meter  No.  3  (Cont'd) 
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Figure  G-36 


Battery  Performance  Monitor  Meter  Calibration 


Meter  No.  3  (Cont'd) 


Figure  G-37 


Battery  Performance  Monitor  Meter  Calibration 
Meter  No.  4 
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Figure  G-38 


Battery  Performance  Data  Monitor 


Meter  No.  4 


Figure  G-39 

Battery  Performance  Monitor  Meter  Calibration 
Meter  No.  4  (cont'd) 


236 


Figure  G-40 

Battery  Demonstrator  and  Performa 
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Lower 


Connection  Details 

Thermistors,  Methanol  Analyzer,  Cell,  Reference  Electrodes.  Alarm  Lamps  and  Motors 
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APPENDIX  G-14 


FLOW  DIAGRAMS  FOR  METHANOL 
FUEL  CELL  BATTERY  DEMONSTRATOR 


Figure  G-45 

Schematic  Electrolyte  Flow  Diagram 
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APPENDIX  G-14  (CONT'D) 

FLOW  DIAGRAMS  FOR  METHANOL 
FUEL  CELL  BATTERY  DEMONSTRATOR 

Figure  G- 46 

Schematic  Air  Flow  Diagram 

Final 

Water  Exhaust 
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Schematic  Arrangement  of  Demonstrator  Sump  Drain  System 


Plan  View 


From  Upper  Sump 


APPENDIX  G-15 


INITIAL  PERFORMANCE  OF  TWENTY  CELL  STACK 


Current 
Density, 
m a/ cm^ 

Potential , 
volts 

Stack(1) 

Power 

watts 

Ohmic  Loss, 
volts 

Average  Anode 
Polarization, 
volts 

Average 

Cell 

Potential 

volts 

0 

13.7 

0 

— 

0.24 

0.68 

1 

13.2 

4 

-- 

0.26 

0.66 

5 

12.3 

18 

-- 

0.28 

0.62 

10 

11.5 

34 

-- 

0.31 

0.58 

20 

10.0 

60 

-- 

0.34 

0.50 

30 

9.0 

81 

— 

0.36 

0.45 

40 

8.2 

98 

1.085 

0.37 

0.41 

50 

7.6 

114 

-- 

0.38 

0.38 

60 

6.8 

123 

— 

0.39 

0.34 

80 

5.5 

132 

— 

0.40 

0.28 

100 

4.3 

129 

2.304 

0.41 

0.22 

(1)  Run 

66-1-3,  stack  only,  70-80°C, 

0.75  M  CH3OH  in 

3.7  M  H2S04,  507. 

conversion 

per 

pass,  once-through  via  Mace 

pump.  House  air 

at  about  8  times 

stoichio- 

metric. 
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APPENDIX  G-16 


at  <  m 


OPERATION  OF  THE  METHANOL 
FUEL  CELL  BATTERY  DEMONSTRATOR 


The  Methanol  Fuel  Cell  Battery  Demonstrator  is  a  self-contained  six  volt 
power  supply  operating  on  methanol  as  the  fuel  and  atmospheric  air.  The  complete 
assembly  includes  a  fuel  supply,  make-up  water  supply,  all  the  necessary  process 
controls,  a  voltage  regulator,  and  a  small  start-up  battery. 

The  twenty  cell  stack  within  the  Demonstrator  is  a  proven  unit,  with  several 
comparable  units  with  favorable  test  histories  over  the  past  two  years.  However, 
the  combination  of  the  stack  and  the  auxiliaries  is  largely  untested.  Their  de¬ 
signs,  as  well  as  these  of  the  associated  electronics,  are  based  on  operating  data 
obtained  on  the  individual  components  not  integrated  together,  but  under  test  condt 
tions  as  close  to  projected  operation  conditions  as  was  possible.  Therefore,  the 
entire  unit  is  a  research  device,  and  it  is  expected  that  its  operation  will  reflect 
problems  inherent  in  an  untried  first  assembly. 

The  following  are  the  recommended  procedures  for  storing,  activating, 
operating,  evaluating,  and  trouble  shooting  the  Demonstrator.  Several  process 
monitors  have  been  incorporated  directly  into  the  Demonstrator.  To  further  aid  in 
the  evaluation,  a  Performance  Monitor  also  has  been  supplied,  which  can  be  used  in 
evaluating  the  operation  of  all  the  critical  components.  The  instructions  are 
broad  rather  than  detailed  and  do  not  cover  in  depth  the  modes  of  operation  of  these 
components.  Instead,  general  operating  and  diagnostic  procedures  are  discussed.  It 
is  suggested  that  those  evaluating  the  Demonstrator  acquaint  themselves  with  the 
response  characteristics  of  the  Demonstrator,  that  are  displayed  on  the  Performance 
Monitor,  particularly  meters  3  and  4  to  understand  the  operating  characteristics  of 
this  unit. 

•  Storage 

1.  The  Master  Switch  must  be  OFF  during  Storage. 

2.  During  prolonged  storage,  check  twice  weekly  for  electrolyte  leakage. 

Find  and  repair  leaks,  when  necessary.  For  ease  of  maintenance,  re¬ 
move  top  case. 

3.  Check  for  electrolyte  discoloration,  by  draining  a  50  cc  sample  of  elec¬ 
trolyte  from  the  stack,  using  stack  drain  valve  on  the  right  hand  side 
as  you  face  the  front  panel.  If  electrolyte  is  green  or  a  dark  brown, 
drain  stack  and  replace  via  the  drain  with  2200  cc  of  fresh  3.7  M  sulfuric 
acid  containing  0.75  M  methanol  using  graduating  glass  filling  tank  pro¬ 
vided. 

4.  Depress  voltage  push-button  switch  to  read  stack  voltage.  Proper  value  in 
storage  is  about  1  volt.  Over  2  volts  is  high.  Check  whether  air  dampers 
are  closed. 

5.  Attach  Performance  Monitor  to  plug  under  front  panel.  Read  anode  reference 
voltages  by  setting  dial  to  positions  1  through  4  on  the  fourth  meter  of 
the  Performance  Monitor  (see  Appendix  G-13).  If  any  anode  reads  over  0.6 
volts,  replace  electrolyte  in  stack. 
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•  Activation 

1.  Drain  stack  through  valve  on  right  side. 

2.  Drain  sumps  through  valve  on  drain  line. 

3.  Refill  stack  immediately  with  2200  cc  of  3.7  M  sulfuric  acid  containing 
0.75  M  methanol. 

4.  Fill  lower  sump  with  300  cc  of  electrolyte  mixture  through  fill  line 
located  on  top  on  the  right  side. 

5.  Fill  upper  sump  with  300  cc  of  electrolyte  mixture  through  fill  line 
located  in  top  on  the  left  side. 

6.  Fill  fuel  tank,  marked  F,  with  commercial  grade  methanol.  Replace  cap. 

7.  Fill  water  tank,  marked  W,  with  demineralized  water.  Replace  cap.  Cap 
must  be  in  place  to  permit  water  addition. 

•  Operation 

1.  Turn  Master  Switch  to  STAND-BY.  Operate  in  this  position  for  five  minutes. 
Check  stack  voltage  by  depressing  voltage  push-button  switch  beneath  front 
panel  voltmeter.  Voltage  should  exceed  10  volts.  If  not,  refer  to  sub¬ 
systems  C,  D  and  E. 

2.  Check  for  gas  blockage  in  methanol  fuel  line  using  vacuum  bulb  and  line. 
Evacuate  fuel  tank  (F)  to  degass  the  bubbles  in  feed  line,  repressurize 
with  several  squeezes,  then  replace. 

3.  Turn  Master  Switch  to  REGULATED  POWER. 

4.  Connect  load  into  receptacle.  Suggested  loads  include  the  load  panel 
delivered  in  1965  and  the  electric  drill  delivered  with  the  Demonstrator. 

5.  Monitor  Demonstrator  voltage  and  current.  Do  not  operate  at  currents 
higher  than  15  amps. 

6.  If  voltage  drops  below  5.9  volts,  depress  push-button  switches  to  check 
stack  voltage.  Remove  or  reduce  load  if  stack  voltage  has  dropped  below 
6.8  volts.  Move  Master  Switch  to  STAND-BY  for  five  minutes,  then  return 
control  to  load  under  REGULATED  POWER.  If  trouble  persists,  see  Evalua¬ 
tion  and  Trouble  Shooting  Section,  below. 

7.  Refill  fuel  and  water  tanks  when  required. 

8.  To  shutdown  Demonstrator,  remove  load  and  turn  Mastei  Switch  to  STAND-BY 
for  three  minutes.  Then  turn  switch  to  OFF. 

•  Evaluation  and  Trouble  Shooting 

With  Master  Switch  set  at  STAND-BY. 

1.  Check  electrolyte  circulation  using  rotometer  located  near  the  pump. 
Rotometer  should  read  at  least  100. 

2.  Check  operation  of  air  blower  by  placing  hand  over  top  stack  exhaust  to 
feel  whether  air  is  exiting  from  the  unit.  If  no  air  is  felt,  check  rota¬ 
tion  of  blower  rotor. 

3.  Recheck  for  gas  blockage  in  methanol  fuel  line. 

4.  Check  position  of  methanol  control  valve  between  its  microswitch  set 
points. 
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5.  Check  acid  concentration  by  removing  electrolyte  sample  and  measuring 
gravity  with  hydrometer. 

With  Master  Switch  at  STAND-BY  or  REGULATED  POWER. 

1.  Check  red  lights  marked  V  and  T.  If  designated  lights  are  on,  check 
stack  voltage.  Using  Performance  Monitor,  check  readings  from  positions 

1  through  8  on  the  fourth  meter.  See  calibration  curves  in  Appendix  G-13. 
Ignore  flickering  red  light  marked  A.  If  continuously  on  for  more  than 
two  hours,  check  acid  concentration.  Refer  to  subsystem  B  in  Table  G-4. 

2.  Red  light,  T  is  high  temperature  indicator.  High  temperatures  generally 
means  excess  methanol.  Check  subsystems  A,  D,  and  E. 

3.  High  anode  polarizations  generally  mean  anode  starvation.  Check  sub¬ 
systems  A.  If  O.K.  check  subsystems  D,  and  E. 

4.  Expected  ranges  for  the  observed  Performance  Monitor  readings  are  given  in 
Table  G-5. 


Table  G-4 

DIAGNOSTIC  PROCEDURE 


Approach: 


Systems  •*  ^^a^n°S^S »  Causes 


Corrective  Action 


Subsystems:  A.  MeOH  Addition  System 

B.  Water  Addition  System 

C.  Electrolyte  Circulation  System 

D.  Air  Auxiliaries 

E.  Stack 


Possible  Causes: 

A.  MeOH  Addition  System 

1.  Closed  MeOH  line  valve 

2.  Clogged  MeOH  line 

a.  Bubble  bound 

b.  Filter  plugged 

c.  P.P.  plug  fouled 

3.  Empty  MeOH  tank 

4.  Inoperative  MeOH  valve/Motor 

a.  Decoupled  Motor  Shaft-Valve  Shaft 

b.  Motor  failure 

c.  Electrical  wiring 

d.  Inoperative  limit  switches 

5.  Inoperative  Analyzer 

a.  Faulty  anode 

b.  Faulty  cathode 

c.  Electrical  wiring 

d.  Electrolytic  path  (gas-filled) 
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Table  G-4  (Cont'd) 
DIAGNOSTIC  PROCEDURE 


e.  Improper  tuning 
+  Set  point 

+  Dead  zone 
+  Error  gain 
+  Current  gain 
+  Pulse  frequency 
+  Limit  switch  position 

f.  Faulty  thermistor 

6.  Leaks  in  line 

7.  Plugged  vent  hole  in  cap 

8.  Loose  cap 

B.  Water  Addition  System 

1.  Closed  water  line  valve 

2.  Clogged  water  line 

a.  Filter  plugged 

3.  Empty  Main  Water  Tank 

a.  Improperly  tightened  filling  cap 

4.  Defective  hydrometer  float 

a.  Leading  float 

b.  Distorted  links  on  float 

5.  Improperly  tuned  sensing  coil  positions 

6.  Low  electrolyte  level  in  lower  sump 

7.  Electrical  connections 

8.  Faulty  limit  switches 

9.  Inoperative  water  valve/motor 

a.  Decoupled  motor-valve  shafts 

b.  Detuned  limit  switch/cam  relation 

c.  Inoperative  motor 

10.  Inoperative  feeding  mechanism  in  Main 
Water  Tank 

11.  Improperly  positioned  throttle  valve 

12.  Leaks  in  line 

C.  Electrolyte  Circulation  System 
1 .  Bound  pump 

a.  Pump  unprimed 

b.  Dirt  in  impellers 

c.  Clogged  screen 

d.  Stuck  check  valve 

e.  Stuck  rotometers  float 

f.  Misaligned  shafts 


Table  G-4  (Cont'd) 
DIAGNOSTIC  PROCEDURE 


2.  Plugged  filter  cartridges 

3.  Low  electrolyte  level  in  lower  sump 

4.  Pump  motor  shaft/gear  box  shaft/pump 
shaft  decoupled 

5.  Jammed  gear  box 

6.  Electrical  connections 

7.  Pump  stuck  on  BATTERY  power  position 

8.  Leaking  system 

a.  Tanks  and  sumps  leak 

b.  Lines  leak 

c.  Drain  valve  open 

9.  MeOH  analyzer  block  valves  closed 

10.  Electrolyte  line  valve  closed 

11.  Stack  overflow  ports  clogged 

12.  System  vents  clogged 

13.  Pump  motor  voltage  insufficient 

a.  Load-voltage  relation  incorrect 

14.  Inoperative  electrolyte  cooler 
D.  Air  Auxiliaries 

1.  Inoperative  Blower 

a.  Motor  defective 

b.  Motor/impeller  uncoupled 

c.  Friction  between  impeller  and  walls 

d.  Blocked  air  intake 

e.  Electrical  wiring 

2.  Blower  motor  voltage  insufficient 
a.  Load-voltage  relation  incorrect 

3.  Blower  stuck  on  BATTERY  power  position 

4.  System  Pressure  Drop  too  High 

a.  Plugged  air  lines 

b.  Pampers  closed 

c.  Condensate  and  drippage  drain  lines  plugged 

d.  Blocked  air  exhaust 

e.  Misaligned  demister  screens  in  knock-out 
pot 

5.  Inoperative  Water  Economy  Unit 

a.  Ruptured  membrane 

b.  Plugged  internal  condensate  drain  line 

6.  Plugged  knock-out  pot 
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Table  G-4  (Cont'd) 


DIAGNOSTIC  PROCEDURE 


7.  Fouled  air  condenser  tubes 

8.  Assembly  leaks  between  auxiliary  units 

9.  Inoperative  cooling  fan 

a.  Inoperative  motor 

b.  Improper  motor  voltage 

c.  Motor/fan  uncoupled 

d.  Friction  between  fan  blades  and  housing 

e.  Blocked  air  intake 

f.  Electrical  wiring 

E.  Stack 

1.  Leaking  assembly 

a.  Between  frames 

b.  Overflow  manifolds 

c.  Electrolyte  inlet  system 

d.  Between  frames  and  end  plates 

e.  Thermister  and  reference  electrode  wells 

2.  Improperly  tensioned  external  current 
collector  system 

3.  Gas  buildup 

a.  Incorrectly  positioned  anode  notches 

b.  Plugged  overflow  ports 

4.  Non-level  stack 

5.  Leaking  cathode/membrane  assembly 

6.  Loose  electrical  connections 

7.  Plugged  feed  manifold 

8.  Plugged  air  manifold 
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Table  G-5 


Expected  Ranges  for  Performance  Monitor  Readings 


Meter 

Position 

No. 

No. 

Function 

Expected 

Range,  7.  of  Scale 


1 


2 


3 


0 


1  Blower  motor  current 

2  Pump  motor  current 

3  Fan  motor  current 

4  Methanol  addition  valve  motor  current 

5  Water  addition  valve  motor  current 

6  STANDBY  current  (load  on  Hg  batteries) 


10-20 

20-40 

20-30 

10-40 

10-40 

10-30 


1 

2 

3 

4 

5 

6 


Blower  motor  voltage  40-50 
Pump  motor  voltage  10-40 
Fan  motor  voltage  40-50 
Methanol  addition  valve  motor  voltage:  Opening  40-60 
Same  Closing  40-60 
Stack  voltage  0-100 


1 

2 

3 

4 

5 

6 


Methanol  analyzer  cell  voltage 
Methanol  analyzer  concentration  voltage 
Methanol  analyzer  attenuated  concentration 
voltage 

Hydrometer  float  position  detector:  Upper  Coil 

Same  Lower  Coil 

Water  addition  valve  action  detector:  Closing 

Closed 


75-85 

70-80 

70-80 

Rest  20-40 
Activated  65-80 
Rest  20-40 
Activated  50-85 
5-20 
50-80 


4 


1,2, 3, 4  Anode  polarization 
5, 6, 7, 8  Temperature 


10-50 
10- 100 
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APPENDIX  G-17 


L 


Maximum 

Cell  Temp, 

°C 

INITIAL  PERFORMANCE 

OF  INTEGRATED  BATTERY 

SYSTEM 

Stack 

Performance^ 

Regulated  Output 

Current, 

amps 

Potential, 

volts 

Power, 

watts 

Current, 

amps 

Potential , 
volts 

Power, 

watts 

54 

0.6 

12.2 

7 

0 

6.1 

0 

54 

3.4 

10.4 

35 

2.7 

6.1 

16 

68 

3.4 

11.4 

39 

2.7 

6.1 

16 

55 

6.8 

9.0 

61 

6.0 

6.1 

36 

58 

10.2 

8.3 

84 

9.3 

6.1 

57 

62 

12.3 

7.9 

97 

11.8 

6.0 

71 

69 

12.3 

8.1 

99 

11.8 

6.0 

71 

-- 

14.1 

7.0 

99 

13.3 

6.0 

82 

64 

16.0 

7.0 

113 

14.7 

5.9 

86 

(1)  Integrated  process  system,  electronics  mounted  external  to  unit. 
Short  duration  runs  only. 
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APPENDIX  G-18 


CELL  VOLTAGE  DISTRIBUTION  IN  TWENTY  CELL  STACK 


Cell  Potential  at  Indicated 
Cell  _ ma/cm  .  volts^) _ 


No. 

13 

38 

1 

0.51 

0.40 

2 

0.48 

0.32 

3 

0.50 

0.39 

4 

0.52 

0.40 

5 

0.52 

0.40 

6 

0.55 

0.41 

7 

0.52 

0.40 

8 

0.53 

0.39 

9 

0.50 

0.36 

10 

0.52 

0.34 

11 

0.50 

0.38 

12 

0.53 

0.37 

13 

0.52 

0.40 

14 

0.51 

0.37 

15 

0.52 

0.38 

16 

0.49 

0.36 

17 

0.53 

0.41 

18 

0.54 

0.42 

19 

0.51 

0.38 

20 

0.46 

0.24 

(1)  Run  66-1-18,  integrated  system,  temperature  distribution: 


Cell  6  67°C 
Cell  10  628C 
Cell  12  58°C 
Stack  Exhaust  58°C 


Final  Air  Exhaust  34°C 
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APPENDIX  G-19 


PERFORMANCE  OF  ASSEMBLED  BATTERY  DEMONSTRATOR 


Stack  Performance^^ 

Regulated  Output 

Current, 

amps 

Potential , 
volts 

Power, 

watts 

Current, 

amps 

Potential, 

volts 

Power 

watts 

0.6 

10.5 

6 

-- 

6.0 

— 

7.0 

8.5 

60 

-- 

6.0 

-- 

10.0 

7.9 

79 

-- 

6.0 

— 

11.4 

7.4 

87 

10.9 

6.0 

65 

14.1 

6.6 

93 

13.0 

5.6(2) 

72 

(1)  Completely  integrated  system.  Cells  19  and  20  connected  in  parallel 
electrically.  Performance  not  stable  with  time. 

(2)  Off  regulation. 
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athodization  than  it  was  at  80-90°C.  These  results  explain  why  butane  has  poorer 
pen  circuit  values  but  higher  limiting  currents  in  hot  phosphoric  acid  than  in 
ulfuric  acid  at  the  lower  temperature:  the  butane  adsorbs  more  strongly  at  the 
er  temperature  but  blocks  some  of  the  sites  otherwise  available  for  water  dis¬ 
charge.  Measurements  of  actual  adsorption  rates  in  hot  phosphoric  acid  have  not 
et  been  successful,  however. 


m 


a 


The  program  to  improve  the  utilization  of  platinum  by  using  a  support  made 
considerable  progress  during  this  period.  Butane  limiting  currents  as  high  as  40 
ma  per  mg  of  platinum  were  achieved  at  150°C  using  a  support  of  carbon  treated  with 
silica.  Platinum  black  or  platinum  on  untreated  carbon  gave  only  about  8  ma/mg 
under  the  same  conditions.  Part  of  the  improvement  was  due  to  the  impregnation 
procedure,  which  involves  adsorption  by  the  carbon  of  a  surprisingly  small  amount 
of  the  platinum  in  the  impregnating  solution.  Another  factor  was  the  silica  content 
of  the  carbon,  which  was  optimum  at  ten  percent.  The  surface  area  of  the  carbon  was 
also  important  since  adsorption  is  being  relied  upon  to  implant  the  platinum.  A  low 
surface  area  carbon  yielded  a  low  activity  catalyst.  When  oxidized  with  CC^,  how¬ 
ever,  the  surface  area  increased,  the  platinum  uptake  rose  and  the  catalytic  activity 
improved.  Raising  the  operating  temperature  to  190°  increased  the  limiting  current 
to  over  80  ma/mg  of  platinum.  Overall  a  tenfold  improvement  has  been  achieved,  thus 
making  the  outlook  for  this  program  bright. 

Some  work  was  also  done  on  the  structure  or  fabrication  of  platinum  black 
electrodes  for  use  on  liquid  hydrocarbons,  although  most  of  the  effort  available  had 
to  be  devoted  to  preparation  of  a  demonstration  cell  stack.  Fuel  transport  through 
decane  electrodes  is  a  recurring  problem.  The  rate  of  fuel  transport  was  found  to 
be  independent  of  the  activity  of  the  electrode,  varied  by  changing  the  Teflon  sinter¬ 
ing  conditions.  Thus,  it  is  hoped  to  be  able  to  reduce  fuel  transport  without  ad¬ 
versely  affecting  performance.  Another  structure  problem  had  to  do  with  separation 
of  the  fuel  side  Teflon  barrier  used  to  prevent  fuel  flooding.  This  problem  was 
solved  by  finding  a  means  of  laminating  a  3-5  mil  porous  Teflon  film  to  the  elec¬ 
trode  without  collapsing  thepores.  Variability  in  the  quality  of  Teflon  emulsion 
is  a  structural  problem  which  remains  to  be  faced  in  the  future. 

The  non-noble  catalyst  program  featured  alloys,  oxides,  carbides  and  steam 
reforming  catalysts.  The  alloy  program  concentrated  on  the  development  of  a  method 
for  producing  high  surface  area  metals,  which  were  truly  alloyed  in  the  sense  of 
having  altered  lattice  spacings  in  their  X-ray  patterns.  A  chemical  reduction  tech¬ 
nique  was  found  to  be  unsatisfactory  as  were  initial  attempts  at  making  Raney  alloys. 
After  extraction  of  the  aluminum  the  residues  were  found  to  be  mixtures  of  the  un¬ 
alloyed  metals  or  their  oxides.  However,  true  high  surface  area  alloys  could  be 
prepared  by  annealing  the  Raney  alloy,  before  extraction  'n;  a  temperature  at  which 
the  binary  phase  diagram  indicates  a  solid  solution  or  inoermetallic  compound,  and 
then  quenching  in  water  to  retain  the  alloy  in  a  metastable  condition.  While  some 
of  the  alloys  are  active  with  hydrogen,  none  so  far  has  shown  activity  on  hydrocar¬ 
bons.  The  method,  however,  appears  to  be  very  promising  for  future  use. 
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In  the  oxide  program  the  work  on  perovskites  has  been  concluded  and  atten¬ 
tion  has  been  directed  toward  the  closely  related  tungsten  bronzes.  Perovskites 
containing  nickel  and  cobalt  had  been  rendered  conductive  via  the  incorporation  of 
vacancies  in  the  oxide  positions  of  the  lattice.  This  conductivity,  however,  was 
lost  rapidly  on  acid  treatment.  By  analogy  with  the  conductivity  of  lithiated 
nickel  oxide,  it  was  concluded  that  the  conductivity  of  oxide  deficient  perovskites 
was  due  to  oxidized  species  such  as  Co+++  which  are  known  to  be  much  less  stable 
than  the  divalent  ions.  Hence  the  rapid  conductivity  loss  as  the  unstable  ions  are 
extracted.  Elements  with  more  stable  higher  valence  states  such  as  manganese  and 
chronium  would  be  expected  to  form  perovskites  whose  conductivity  was  acid  stable. 
This  proved  to  be  the  case.  A  good  combination  of  acid  stability  and  corrosion  re¬ 
sistance  was  obtained  with  chromium  and  manganese  perovskites.  However,  no  catalytic 
activity  toward  hydrogen,  oxygen,  or  hydrocarbons  could  be  detected. 

An  attempt  was  made,  therefore,  to  use  achieve  conductivity  using  the 
lower- than- normal  valence  states  of  the  element  molybdenum.  However,  there  is 
apparently  too  little  overlap  between  molybdenum  orbitals  in  the  perovskite  stru- 
ture.  Satisfactory  conductivity  was  not  achieved  and  the  approach  was  dropped. 

The  bronzes,  however,  look  much  more  promising.  These  materials,  utiliz¬ 
ing  the  lower  valence  states  of  tungsten  ina  perovskite- like  structure,  are  very 
acid  resistant  and  have  metallic  conductivity.  Unmodified  they  have  no  catalytic 
activity.  It  has  been  found  possible  to  incorporate  nickel  into  them,  with  some 
sacrifice  in  conductivity  and  acid  stability,  but  with  generally  with  a  good  com¬ 
bination  of  properties.  The  X-ray  diagrams  of  these  materials  were  extremely  com¬ 
plex,  indicating  both  mixed  bronze  phases  and  impurities.  Therefore,  improved  com¬ 
positions  or  means  of  preparation  will  have  to  be  developed  before  an  accurate 
assessment  of  their  potential  is  possible.  So  far  they  have  shown  no  catalytic 
activity,  but  only  Ni++  ions  have  been  incorporated.  These  do  not  have  the  d-10 
configuration,  which  appears  desirable  for  catalytic  activity. 

Mixed  transition  metal  carbides  are  being  investigated  as  fuel  cell  cata¬ 
lysts  because  they  are  more  metallic  in  nature  than  the  oxides,  are  highly  conduc¬ 
tive  and  in  certain  cases  are  corrosion  resistant.  It  was  first  verified  that  com¬ 
mercially  available  grinding  tool  carbides  were  not  catalytic,  and  that  some  "H" 
phase  carbides  available  at  the  University  of  Pennsylvania,  and  other  simple  carbides 
were  not  corrosion  resistant.  However,  the  so-called  eta  carbides  appeared  much 
more  interesting.  These  combine  group  V  and  VI  metals,  which  yield  acid  resistant 
carbides,  and  the  first  row  transition  elements  into  single  phase  carbides.  A 
purchased  sample  of  nickel- tungsten- carbide  proved  to  be  very  impure,  but  the  nickel 
in  the  actual  eta  phase  was  resistant  to  acid.  Various  apparatus  are  being  set  up 
to  custom  make  these  compounds  at  the  desired  compositions,  stoichiometries  and 
degrees  of  purity.  It  appears  that  a  vacuum- induct  ion  furnace  with  a  water  cooled 
shield  will  be  required. 
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Some  time  ago  a  means  was  found  for  fabricating  non-noble  steam  reforming 
catalysts  into  conductive  electrodes.  These  were  active  with  hydrogen  fuel  but  not 
with  hydrocarbons.  It  was  hypothesized  that  the  presence  of  the  reactants  in  the 
liquid  phase  might  have  inhibited  the  steam  reforming  function  of  the  catalyst.  To 
test  this  hypothesis  steam  reforming  runs  were  carried  out  non-electrochemically  in 
a  pressure  reactor,  where  the  reactants,  hexane  or  decane  and  water,  could  be  main- 
in  the  liquid  phase.  Appreciable  activity  was  obtained,  limited  only  by  diffusion 
f  rates.  Thus,  the  presence  of  the  reactants  in  the  liquid  phase  did  not  damage  the 
electrochemical  performance  of  the  catalysts.  The  presence  of  ions  or  the  lower 
pressure  must  have  been  responsible. 

Task  B,  Hydrocarbon  Fuel  Cell 

Total  cell  studies  were  conducted  to  assess  the  engineering  feasibility 
and  system  requirements  of  a  direct  liquid  fuel-air  fuel  cell  system.  A  liquid  decane- 
air  fuel  cell  was  constructed  with  sufficient  capability  to  allow  evaluation  of 
anticipated  problem  areas  related  to  fuel  transport  and  carbon  dioxide  rejection  in 
the  electrolyte  space. 

Tests  in  small  (10  cm2)  single  and  multicell  units  indicated  that  cathode 
cracking  and  anode  barrier  separation  could  limit  stack  life.  However,  this  problem 
was  solved  by  laminating  porous  Teflon  film  directly  to  the  sintered  plat inum-Tef Ion 
electrodes.  Satisfactory  life  and  performance  were  thus  obtained.  Unfortunately, 
chemical  oxidation  and  cathode  deterioration  due  to  decane  transport  was  observed 
in  some  multicell  units.  In  addition,  the  small  cell  tests  indicated  a  need  for 
improved  electrolyte  venting  to  minimize  carbon  dioxide  buildup  and  reduce  cell 
resistive  losses.  Despite  these  problems,  performance  levels  were  quite  satisfactory 
yielding  17-21  mw/cm2  and  14-17  raw/cm2  on  oxygen  and  air  respectively. 

Based  upon  the  information  developed  in  the  small  scale  cell  tests  a  large 
(80  cm2)  five  cell  liquid  decane-air  multicell  assembly  and  operating  system  was 
designed  and  constructed.  Initial  oxygen  performance  with  Cyanamid  AA-1  cathodes 
laminated  to  porous  Teflon  film  agreed  with  that  obtained  in  small  cells.  However, 
air  performance  showed  an  Oo  mv  debit  due  to  decane  transport  to  the  cathode  and 
system  life  was  limited.  Improvements  in  performance  and  life  were  obtained  by 
using  laminated  porous  Teflon  film  on  sintered  platinum-Teflon  anodes  and  cathodes. 

A  three  cell  assembly  with  these  improved  components  has  been  run  for  over  400  hours. 
This  same  three  cell  assembly  was  run  on  a  wide  boiling  range  isoparaff inic  jet 
fuel,  yielding  only  about  one  third  the  liquid  decane  activity. 

Task  C,  New  Systems 

The  new  systems  effort  has  concentrated  on  intermediate  temperature  and 
buffer  electrolytes,  catalysts  for  buffer  electrolytes  and  the  catalyst- electrolyte 
slurry  system. 
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The  intermediate  temperature  electrolytes  examined  were  pyrophosphoric 
and  molten  bisulfate  mixtures.  Work  with  low  catalyst  content  electrodes  in  pyro¬ 
phosphoric  acid  at  275°C  has  shown  that  high  catalyst  utilizations  can  be  obtained. 
Butane  could  sustain  200  ma/cm2  at  0.44  volts  polarized,  and  oxygen,  500  ma/cm2  at 
O.38  volts  polarized,  on  electrodes  containing  5  mg/cm2  of  platinum.  These  activities 
are  considerably  greater  than  that  attained  by  the  equivalent  electrode  structures 
in  85$  phosphoric  acid  at  150°C.  The  usefulness  of  an  electrolyte  that  can  operate 
at  higher  temperatures  as  a  means  of  effecting  higher  catalyst  utilizations  has  thus 
been  demonstrated.  Electrodes  of  still  lower  catalyst  content,  2.5  mg/cm2,  exhibited 
a  disproportionate  activity  decrease  due  to  structural  problems.  It  is  anticipated 
that  when  suitable  low  catalyst  density  electrode  structures  are  available,  still 
further  catalyst  utilizations  will  be  obtained  using  pyrophosphoric  acid. 

Molten  alkali  metal  bisulfate  electrolytes  were  studied  to  ascertain 
whether  a  system  operating  in  the  same  temperature  range  as  pyrophosphoric,  but  not 
as  corrosive,  was  available.  Hydrocarbon  and  oxygen  activities  in  this  medium  on 
massive  platinum  electrodes  were  considerably  lower  than  that  obtained  in  pyrophos¬ 
phoric  acid.  In  addition,  the  electrolyte  was  not  invariant,  losing  SO3  at  high 
temperatures  and  generating  HgS  at  reducing  potentials.  Molten  salt  fuel  cell 
electrolytes  must  have  anions  which  equilibrate  with  non-volatile  and  non-reducible 
oxides . 


Silver  cathodes  exhibit  appreciable  activity  in  carbonate  solutions,  but 
the  activity  decreases  with  decreasing  pH.  A  study  was  carried  out  to  determine 
whether  a  carbonate  solution  could  be  kept  above  its  equilibrium  pH  value  when  used 
as  the  electrolyte  in  a  fuel  cell  where  COg  is  an  anodic  oxidation  product.  It  was 
shown  that  carbon  dioxide  rejection  from  a  carbonate  solution  into  a  flowing  gas 
stream,  such  as  would  be  available  in  an  air  electrode,  was  too  slow  to  prevent 
rapid  carbonation  and  return  to  the  equilibrium  pH. 

Silver-palladium  oxide  catalyzed  electrodes  exhibited  considerable  activity 
on  methanol  in  potassium  hydroxide  and  potassium  carbonate  solutions.  Limiting  cur¬ 
rents  over  2000  ma/cm2  were  observed.  Even  butane  showed  evidence  of  some  activity 
at  these  highly  alkaline  pH  values.  Raney  gold  and  gold  alloys  were  also  shown  to 
have  some  methanol  activity  in  potassium  hydroxide. 

Further  work  with  the  slurry  electrode  system  has  shovm  that  considerable 
performance  improvement  could  be  achieved  with  decane  fuel  by  increasing  the  ratio  of 
electrode  area  to  volume  and  by  improving  the  flow  pattern.  However,  while  the 
current  density  of  the  electrode  was  very  high,  the  specific  current  density  in  ma/ 
mg  of  catalyst  was  still  so  low  that  it  is  doubtful  that  catalyst  utilizations  better 
than  that  achieved  in  static  systems  could  be  obtained. 
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Task  D,  Methanol  Electrode 

m 

Studies  on  the  methanol  electrode  were  continued,  concentrating  on  further 
establishing  the  degree  of  stability  and  reliability  of  the  ruthenium  modified  P- 
type  catalyst,  and  on  determining  v/hether  catalyst  supports  could  be  used  to  improve 
catalyst  utilization.  Single  cell  and  half  cell  testing  of  the  catalyst  was  com¬ 
pleted.  Anodes  were  tested  for  as  long  as  11,000  hours  with  non- recoverable  losses 
of  only  15  mv.  In  addition,  reversible  performance  losses  in  cell  performance 
ranging  from  10  to  50  mv  were  found.  These  were  recoverable  by  open  circuiting  the 
cell,  changing  the  electrolyte,  and/or  overpolarizing  the  anode  in  the  absence  of 
methanol  to  0.8  to  0.9  volts.  Storage  would  not  impair  performance.  However,  copper 
was  found  to  be  an  undesirable  contaminant. 


New  techniques  were  developed  for  employing  supports  to  effect  reductions 
in  catalyst  loadings.  Both  silica- on- carbon  and  boron  carbide  were  tested  as  sup¬ 
ports.  Catalyst  utilization  using  the  silica- on- carbon  support  amounted  to  only 
0.12  ma/mg  at  0.35  volts  polarization.  Studies  of  the  impaired  performance  indicated 
a  need  to  develop  new  washing  procedures.  Catalyst  utilizations  of  4.7  ma/mg  were 
obtained  using  boron  carbide  as  a  support.  Increasing  the  reduction  temperature 
improved  performance,  with  the  best  utilization  obtained  with  hydrogen  reduction  at 
225°C.  Further  improvements  may  be  possible  through  changes  in  procedures  for 
making  the  catalyst. 


Task  E,  Air  Electrode 


Testing  has  continued  on  the  development  of  cathode  structures  for  methanol 
cells  that  do  not  require  membrane  backings  to  prevent  gross  water  transport.  Ex¬ 
periments  were  carried  out  using  cathodes  that  were  spray-coated  with  Teflon  on  the 
air  side,  to  evaluate  the  performance  during  extended  operation,  and  the  effects  of 
scaling  them  to  practical  sizes.  It  was  found  that  these  coated  electrodes,  when 
not  heat-treated  would  operate  for  about  9 00  hours  with  unimpaired  performance. 
Furthermore,  large  7. 5  inch  diameter  electrodes  could  be  prepared  with  performances 
comparable  to  the  smaller  1  inch  diameter  electrodes.  However,  the  electrodes  leak 
electrolyte  at  small,  but  still  unacceptably  high,  rates.  As  an  alternative  approach, 
sodium  alginate  was  evaluated  as  a  membrane  substitute.  Its  performance  in  small 
electrodes  was  at  least  comparable  to  the  conventional  cathode.  But  scaled-up  elec¬ 
trodes  were  0.1  volt  more  polarized  and  also  leaked.  Thus,  more  work  remains. 

Research  was  also  carried  out  on  cathodes  suitable  for  use  in  the  hydro¬ 
carbon  cell  at  150°C  in  14.7  Mophosphoric  acid.  Several  cathodes  were  developed. 

These  included  50  and  10  mg/c m£  sintered  plat inum-Tef Ion  electrodes  laminated  to  3*5 
mil  porous  Teflon  films,  and  a  carbon  supported  cathode  containing  2.5  mg/cnr  plati¬ 
num.  The  electrode  with  the  highest  catalyst  loading  was  polarized  only  O.30  volt 
at  100  ma/cra^.  The  10  and  2.5  mg/cm^  cathodes  exhibit  additional  70  and  l60  mv 
polarizations,  respectively.  In  addition,  a  high  performance  cathode  using  the 
silica-on-carbon  support  and  containing  only  1  mg/cm^  of  platinum  presently  is 

under  test.  This  electrode  exhibits  over  four  times  the  catalyst  utilization  of 
the  above  mentioned  electrodes. 
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Task  F,  Methanol  Fuel  Cell 


Because  of  the  high  chemical  oxidation  rates  occurring  at  the  cathode  in 
the  9"  x  5-3/4"  cells,  further  studies  were  carried  out  on  techniques  for  reducing 
this  loss.  Dacron  felt  and  Permaplex  C-20  membrane  barriers,  installed  between  the 
electrodes  in  4"  x  4"  half-cells  and  total  cells,  were  found  to  substantially  re¬ 
duce  chemical  oxidation  at  the  cathode.  Performance  was  also  improved.  However, 
no  improvements  were  obtained  in  the  9"  x  5-3/4"  cells  using  the  same  techniques. 
Baffling  the  anode  chamber  and  the  use  of  multiple  injection  ports  were  also  tested 
in  the  9"  x  5-3/4"  cell  because  this  cell  was  not  able  to  operate  at  low  methanol 
concentrations  at  performance  comparable  to  those  obtained  in  4"  x  4"  cells.  How¬ 
ever,  no  significant  improvements  were  obtained. 

A  simplified  cell  was  also  tested  using  a  wicking  system  to  supply  fuel, 
and  natural  breathing  to  supply  air.  The  cell  operated  virtually  unattended  for 
3000  hours.  Thus,  simplified  cell  operation  without  electrolyte  circulation  is 
feasible. 

Task  G,  Prototype  Development 

A  self-contained  Methanol  Fuel  Cell  Battery  Demonstrator  was  designed, 
constructed,  and  tested  briefly  prior  to  delivery  to  the  U.S.  Army  Electronics 
Command.  Miniaturized,  automatically  controlled  devices  were  developed  to  provide 
the  essential  auxiliary  facilities  required  by  the  fuel  cell  module,  with  low  para¬ 
sitic  power  consumption.  These  include  a  corrosion-free  high  output  pump  for  cir¬ 
culating  sulfuric  acid  electrolyte,  a  low  pressure  drop  system  for  supplying  ambient 
air,  facilities  to  provide  adequate  heat  removal  and  recovery  of  product  water  and 
a  simple  acid  concentration  detector  and  controller.  Also  included  was  a  methanol 
concentration  controller  to  ensure  an  optimum  addition  rate  of  methanol.  Power 
levels  of  about  80  watts  at  6.0  volts  regulated  output  were  obtained  during  initial 
short-term  testing  of  the  integrated  system.  Subsequent  testing  of  the  fully- 
assembled  Demonstrator  gave  power  levels  of  65  watts,  but  performance  was  not  con¬ 
sistent,  due  to  instability  of  the  methanol  control  system.  (Author) 


